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The use of N-heterocyclic carbenes (NHCs) as ligands in catalysis is one of the 
most significant developments in modern catalysis and organometallic chemistry. One 
way to extend the scope of NHC ligand tuning is by means of annulation of carbocyclic 
and heterocyclic rings to the NHC backbone. The bis(imino)acenaphthene-supported N-
heterocyclic carbene [IPr(BIAN)] has been synthesized and can be regarded as 
originating from the fusion of a naphthalene ring to an NHC. Several metal complexes of 
IPr(BIAN), including those incorporating copper(I), silver(I), gold(I), or iridium(I) have 
been synthesized and characterized, including single-crystal X-ray diffraction studies. 
The doncity of IPr(BIAN) was investigated using the Tolmen Electronic Parameter (TEP) 
method. A TEP value of 2042 cm-1 was calculated for the IPr(BIAN) ligand using the 
Ir(CO)2Cl complex which indicates that IPr(BIAN) is a relatively strong electron 
donating NHC ligand. 
The well-behaved redox chemistry of the BIAN ligand class rendered IPr(BIAN) 
an excellent candidate for exploration of the relationship between ligand charge and 
carbene donicity. The electrochemical reduction of IPr(BIAN) was studied by cyclic 
 vii 
voltammetry (CV) in a THF solution and a reversible reduction wave was detected at -
1.79 V vs SCE. Spectroelectrochemical IR studies were also undertaken to further 
characterize the nature of the reduced state. IPr(BIAN) was found to be a stronger 
electron donating ligand in the reduced state in comparison with the neutral state of the 
ligand. IPr(BIAN) was also chemically reduced using potassium graphite and the 
resulting radical anion was studied by electron paramagnetic resonance (EPR) 
techniques. An isotropic EPR signal was observed at a g value of 2.0112.  
Due to the known antimicrobial activities of silver and gold NHCs, the activities 
of the silver and gold complexes of IPr(BIAN) and the imidazolium salts of several 
BIAN ligands were investigated using the minimum inhibitory concentration test. The 
silver(I) and gold(I) complexes of IPr(BIAN) were found to be moderately active. The 
most active compounds were found to be the imidazolium salts, with MIC values ranging 
between < 0.6 μg/mL and 78 μg/mL for the diisopropylphenyl(BIAN) and the 
mesityl(BIAN) imidazolium chlorides against S. aureas, B. subtilis, E. coli, and P. 
aeruginosa. The preparation of nanofibers impregnated with IPr(BIAN)AuCl by the 
process of electrospinning was also explored. The antimicrobial activities of the resulting 
nanofiber mats were determined on the basis of the inhibition zone test, and a localized 
antimicrobial activity was observed for the Gram-positive bacteria M. leuteus. 
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Chapter 1: N-Heterocyclic Carbenes 
1.1: INTRODUCTION 
1.1.1: Carbenes 
A carbene is a neutral divalent species, the carbon atom of which is endowed with 
six valence electrons.1 The properties of carbenes are determined by the spin multiplicity 
of the ground state as illustrated in Figure 1-I.2 A triplet carbene can be considered to be a 
diradical since it has two unpaired electrons in two separate orbitals—one in the σ and 
one in the pz orbital. On the other hand, a singlet carbene has both electrons paired in the 
σ orbital, thus leaving the pz orbital empty. The multiplicity of the ground state is 
determined by the energy difference between the σ and the pz orbitals. The singlet state is 
more stable if the energy difference of the orbitals is large.3 Quantum mechanical 
calculations have shown that the triplet ground state is accessible providing that the 
energy difference between the σ and the pz orbitals is less than 1.5 eV, while the singlet 
ground state is stabilized if there is at least a 2 eV energy difference between the orbital 
energies.4  
 
 
 
 
 
 
Figure 1-I: Electron configurations of singlet and triplet carbene carbon atoms. 
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The singlet ground state is favored by stabilization of the σ orbital. This is 
accomplished by the attachment of electron-withdrawing (E) substituents to the carbenic 
carbon.5,6 The electron-withdrawing substituents can also serve as π-donors to the carbene 
carbon, and thereby induce conjugation effects.4,7 This mesomeric behavior raises the 
energy of the empty pz orbital and thus further stabilizes the singlet configuration.3 The 
combination of the σ-electron withdrawing and the π-electron donating effects results in a 
three-center, four-electron bonding scheme, in which the C-E bond acquires some 
multiple-bonding character as illustrated in Figure 1-II. 
 
Figure 1-II: Resonance representations of the multiple-bond character of a carbene 
carbon with π-donating substituents (E). 
 
The first complex to feature a heteroatom stabilized singlet carbene was a bis-
carbene platinum (II) complex synthesized by Tschugajeff et al. in 1925 (Figure1-III).8,9 
Interestingly, the molecular structure was not determined until 1970, at which time the 
synthetic feat of Tschugajeff et al. became recognized by the scientific community. 
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Figure 1-III: Heteroatom (N) stabilized singlet carbene platinum (II) complex synthesized 
by Tschugajeff et al. 
 
1.1.2: N-Heterocyclic Carbenes (NHCs) 
N-Heterocyclic carbenes (NHCs) are singlet carbenes in which the E substituents 
are nitrogen atoms (Figure 1-II). The electronegative nature of the nitrogen atoms 
stabilizes the σ orbital of the carbenic carbon, while the nitrogen lone pair donates 
electron density into the carbon pz orbital.4-7 This creates a “perfect storm” of stabilization 
and is undoubtedly one of the major reasons NHCs have become so widely synthesized, 
studied, and used.  
Early attempts to isolate an NHC were partially thwarted by their instability in air, 
and therefore, such compounds were considered impossible to isolate for many years.3 
The air-sensitivity of NHCs is due to their facile hydrolysis.10 However, transition metal 
complexes that utilize NHCs as ligands have been known for many years. The pioneering 
work on the synthesis and characterization of such NHC-metal complexes was reported 
independently in 1968 by Wanzlick et al.11-13 and Öfele et al.14,15 Wanzlick et al. prepared 
a bis-NHC mercury (II) complex by treatment of an unsaturated imidazolium chlorate salt 
with mercury (II) acetate (Figure 1-IVa). The presence of acetate resulted in the 
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deprotonation of the imidazolium salt, thus permitting the coordination of the NHC to the 
metal center. On the other hand, Öfele et al. heated an imidazolium salt thereby forming a 
chromate complex. In this case, the anion of the imidazolium salt was used as the metal 
source (Figure 1-IVb).  
 
Figure 1-IV: Early NHC-metal complexes synthesized by (a) Wanzlick et al. and (b) 
Öfele et al. 
 
The first example of an isolated NHC was published by Arduengo et al. in 1991.16 
Using sterically demanding adamantyl substituents, Arduengo et al. synthesized the 
precursor imidazolium salt which was subsequently deprotonated by treatment with 
sodium hydride and a catalytic amount of dimethyl sulfoxide (DMSO) in THF solution 
(Figure 1-V). X-ray quality crystals were deposited from a saturated THF solution, thus 
demonstrated unequivocally that the first free NHC had been isolated. This breakthough 
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by Arduengo et al. demonstrated that it is possible to isolate a free carbene. In turn, this 
breakthrough stimulated an impressively large effort in both academic and industrial 
research to synthesize and isolate new and improved NHCs.3 
 
Figure 1-V: Synthesis of the first isolated free NHC by Arduengo et al. 
 
1.1.3: Unsaturated Imidazolin-2-ylidenes 
The most common hererocyclic carbenes are derived from five-membered 
heterocyclic precursors.3 The unsaturated imidazolin-2-ylidenes represent the largest 
group of the stable, five-membered NHCs of this type. This class of NHCs features the 
first isolated NHC by Arduengo et al.,16 as well as the earlier NHCs reported by Wanzlick 
et al.11-13 and Öfele et al.14,15 The unsaturated imidazolin-2-ylidene class of NHCs will be 
the focus of the remainder of this discussion. 
Two common routes are available for the synthesis of imidazolium salts (Figure 
1-VI).3 Nucleophillic substitution at the nitrogen atoms of an imidazole is the preferred 
method if a primary alkyl substituent on the nitrogen atom is desired.17,18 The nitrogen 
atom of the heterocycle shown in Figure 1-VIa is first deporotonated and then 
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subsequently treated with an alkyl halide to alkylate the first nitrogen atom. Subsequent 
treatment with a second equivalent of alkyl halide results in the formation of the 
imidazolium salt. Since the foregoing two steps are independent, this method can be used 
for the introduction of two different nitrogen substituents.19-22 Furthermore, when 
sterically demanding substituents are desired, a primary amine can be used in conjunction 
with glyoxal and formaldehyde in the presence of a Brønsted acid in order to synthesize 
an imidazolium salt containing large substituents (Figure 1-VIb).23,24 
 
Figure 1-VI: Typical methods used for the syntheses of imidazolium salts. 
 
In general, the isolation of an unsaturated imidazolin-2-ylidene can be achieved in 
two ways (Figure 1-VII).3 In the first way, the imidazolium salt can be deprotonated to 
afford the free NHC (Figure 1-VIIa).16 A variety of bases can in fact be used for this 
purpose, such as NaH, KOtBu, or deprotonated DMSO. However, if the deprotonation 
method fails, the free NHC can be obtained by reductive desulfurization of an imidazolin-
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2-thione (Figure 1-VIIb).3,25 This method, however, can be problematic because NHCs 
are generally thermally sensitive and the desulfurization process typically requires a 
relatively high reaction temperature. 
 
Figure 1-VII: Established methods for the synthesis of imidazolin-2-ylidenes. 
 
1.1.4: Stability of NHCs 
The stabilization of NHCs is attributable to both thermodynamic and kinetic 
factors.3 Interestingly, the presence of sterically demanding nitrogen substituents is not a 
prerequisite for the isolation of a free NHC, as demonstrated by the observation that it is 
possible to isolate a methyl-substituted NHC.26 Clearly, thermodynamic factors play a 
significant role in terms of stabilizing NHCs.3 The increase in the σ-pz orbital energy gap 
due to the lowering of the σ orbital energy and raising that of the pz orbital is the 
dominant reason for the stability of NHCs, as discussed in Section 1.1.1. 
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In contrast to the saturated imidazolin-2-ylidenes, the unsaturated imidazolin-2-
ylidenes typically do not dimerize to give the corresponding tetraazafulvanes.3 This 
reluctance to dimerization results from a difference in the stabilization energy of the 
singlet ground state between the saturated and unsaturated NHCs. The stabilization 
effects discussed in Section 1.1.1 are more pronounced for the unsaturated imidazolin-2-
ylidenes than for their saturated counterparts.27 Quantum mechanical calculations predict 
an energy gap of approximately 85 kcal mol-1 for unsaturated imidazolin-2-ylidenes, and 
an energy gap on the order of 69 kcal mol-1 for saturated imidazolin-2-ylidenes.28-30 This 
energy difference is likely due to the aromatic-like stabilization of the (4n+2) π electrons 
in the unsaturated imidazolin-2-ylidenes, a feature that is absent in the case of the 
saturated imidazolin-2-ylidenes.31,32  
 
1.1.5: Reactivity of NHCs—Metal Coordination Chemistry 
N-heterocyclic carbenes have been shown to form complexes with the majority of 
the transition metals, as well as with main-group elements, lanthanides, and uranium.3 
Coordination to form a metal complex can be effected by either direct reaction of the free 
NHC with a metal complex or by in situ deprotonation of an imidazolium salt in the 
presence of a suitable metal complex. The in situ deprotonation of imidazolium salts by 
silver oxide, which was first developed by Lin et al. in 1998,33 has been found to be a 
particularly useful reaction in this context. Silver oxide serves both as the metal source 
and as an extremely mild base in this air-stable reaction. The synthesis of the silver-NHC 
complex using silver oxide as the silver(I) source can be carried out in a variety of 
solvents, including water. The ability of this reaction to proceed cleanly in water suggests 
that the mechanism involved in this process is concerted, because deportonation of the 
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imidazolium salt produces a very moisture sensitive free carbene.34 In this method, the 
choice of the anion of the imidazolium salt is important because this anion subsequently 
becomes a ligand on the silver(I) ion in the newly synthesized silver(I) complex. 
Silver(I) complexes of NHCs have been shown to transfer the NHC ligand from 
the silver(I) to other metal centers. The lack of coupling of the carbenic 13C to the 107/109Ag 
metal in NMR experiments suggests that the Ccarbene-Ag bond is relatively labile, and 
hence the complex may readily acquiesce the NHC ligand in solution to another metal 
center.34,35 Indeed, the use of silver(I)-NHCs as transfer agents has become the standard 
method for the synthesis of other NHC-metal complexes.3  
 
1.1.6: NHCs as Ligands 
To a large extent, N-heterocyclic carbenes have replaced air-sensitive phosphine 
donor ligands in terms of transition metal catalysis. Moreover, the strong σ-donating 
ability of NHCs allows them to stabilize many transition metals in low oxidation states, 
thus making them useful substitutes for phosphines in a host of catalysts.36 Furthermore, 
the use of NHCs as ligands for catalytic transformations reduces the need for the presence 
of an excess of the ligand in solution because NHCs bind more strongly to metal centers 
in comparison with phosphines. Moreover, complexes that feature NHCs exhibit a greater 
stability toward air and moisture than the analogous phosphine complexes due to the 
tendency of phosphine ligands to oxidize in air. Akin to phosphines, the choice of 
nitrogen substituents of an NHC can easily modify the steric demands of the ligand, thus 
making NHC complexes suitable for a wide variety of applications.  
The use of NHCs as ligands in catalysis is one of the most significant 
developments in modern catalysis and organometallic chemistry.1,3,37 Herrmann et al. 
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were the first to use NHCs as ligands in the realm of catalysis in 1995.38 Subsequently, 
NHCs have been used extensively as ligands for the development of catalysts for a wide 
variety of important reactions such as in olefin metathesis,39 efficient cross-coupling,40 
hydrosilylation,41,42 hydrogenation,43-45 and isomerization.46 Moreover, the use of NHCs as 
ligands in these reactions has been shown to enhance catalytic activity in comparison 
with previous generations of catalysts. The best known catalyst to utilize an NHC is the 
Grubb’s second-generation catalyst (B) which is used in olefin metathesis reactions 
(Figure 1-VIII).39 The replacement of a phosphine ligand in A by an NHC ligand in B not 
only increased the activity of the catalyst, it also enhanced its stability towards air and 
moisture, thus permitting easier handling in a laboratory setting.  
 
Figure 1-VIII: Grubb’s first-generation (A) and second-generation (B) catalysts 
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1.1.7: Electronic Character of NHCs—Metal Carbonyl Complexes 
Over the years, several methods have been proposed for determination of the 
electronic characteristics of NHC ligands in transition metal complexes.1 The most 
common method that is used for the assessment of the donor character of NHC ligands is 
based on the behavior of metal-carbonyl complexes. The method was used originally to 
assess the donor character of phosphine ligands and was subsequently extended to 
include NHCs.47 The basis of this method, which is depicted in Figure 1-IX, is that 
electron density from a ligand will be transferred to a d-orbital of a coordinated metal 
center, which in turn imparts electron density into the π* orbital of a coordinated carbonyl 
ligand. The more donating the ligand, the more the electron density is transferred to the 
carbonyl ligand, thus decreasing the CO bond order. This method employs infrared (IR) 
spectroscopy to ascertain the CO stretching frequency and the νave therefore represents a 
useful handle for estimating the donor characteristics of the coordinated ligand. A lower 
CO stretching frequency results from a longer CO bond, and a longer CO bond results 
from more electron donating ligand. 
 
 
Figure 1-IX: Orbital representation of the electron donation from a strongly electron-
donating NHC to carbonyl ligands of a metal complex. 
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The electronic and steric effects of phosphine and NHC ligands are difficult to 
separate, since they are intimately related to one another.47 However, a viable method for 
separating the two effects is by measurement of the electronic (ν) and the steric (Θ) 
parameters. In order to measure the steric parameter (Θ), the NHC ligand cone angle or 
the buried volume needs to be calculated. The electronic parameter (ν) can be determined 
on the basis of the fundamental stretching frequency of the carbonyl ligands, as discussed 
previously, of an [(NHC)Ni(CO)3] complex. The use of the [(NHC)Ni(CO)3] complex for 
probing the electronic properties of the NHC ligand in the absence of the steric effects of 
the ligand represents a viable method because the NHC does not influence the CO 
stretching frequency by crowding the CO ligands. The square planar coordination 
geometry of the d8 metal requires that the NHC ligand be separated by a significant 
distance from the CO ligands.36 
Tolman et al.47 probed the electron donicity of phosphine ligands directly by 
investigating the A1 CO stretching mode of the [(NHC)Ni(CO)3] complex. Subsequently, 
the A1 CO stretching mode was coined Tolman’s Electronic Parameter (TEP). The TEP 
method was later expanded to include NHC ligands.36,48 Originally, [(NHC)Ni(CO)3] 
complexes were used for this purpose. However, due to the toxicity of these complexes, 
they have been replaced by other metal carbonyl complexes, such as [(NHC)Rh(CO)2Cl] 
and [(NHC)Ir(CO)2Cl].1  
Due to the use of a variety of metal carbonyl complexes, it was necessary to 
establish a standard in order to compare carbonyl stretching frequencies of many different 
complexes with the [(L)Ni(CO)3] TEP values reported by Tolman (L = PR3 or NHC).49 
While no attempt has been made here to review the merits of the various approaches,36,48 
the recently proposed method of Nolan et al.36,48 was chosen in the present study for 
estimation of the donor character of an NHC ligand. The Nolan et al. method is based on 
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the magnitude of the average CO stretching frequency (νave) for each particular 
[(NHC)Ir(CO)2Cl] complex. The TEP is derived from the modified linear regression 
equation for the Ir(CO)2Cl moiety (Equation 1): 
TEP = 0.847 νCOave + 336 cm-1.    (1) 
Using the TEP value as the basis for comparison, NHCs have been demonstrated 
to be significantly more electron-rich than phosphine ligands. Phosphine ligands typically 
have TEP values that fall in the approximate range of 2069 to 2058 cm-1, while NHC TEP 
values typically range from approximately 2068 to 2040 cm-1.36,37 Not surprisingly, some 
outliers can be found in the literature, the most notable of which is the high TEP value of 
2082.6 cm-1 reported for Im(NO2)2N(CF3)2 (C) (Figure 1-X).37  
 
Figure 1-X: Structures of Im(NO2)2N(CF3)2 (C), IPr (D), IMes (E), and a series of NHC 
ligands synthesized by Plenio et al. (F-I). 
 
The TEP value is a useful tool for determining the electron donicity of a ligand to 
a metal center. Using this approach, phosphines have been compared with NHCs from 
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the standpoint of ligand donicity. One of the major differences that was found when 
comparing phosphines with NHCs is that the phosphine TEP values vary over a wide 
range, however the TEP values of NHCs typically vary by only ~ 3 cm-1 for similar steric 
profiles.50 As an example, the commonly utilized NHC ligands IPr (D) and IMes (E) 
(Figure 1-X) have TEP values of 2050.2 cm-1, and 2049.6 cm-1, respectively.51 The 
relatively insignificant difference in TEP values upon variation of the nitrogen substituent 
provides evidence for the view that, in general, the electronics of an NHC cannot be 
changed significantly by varying the nitrogen substituent. Figure 1-X shows the results of 
a systematic study of NHC ligands with differing nitrogen substituents (F-I).50 The 
corresponding calculated TEP values for compounds F-I are 2052.2, 2053.6, 2054.3, 
2055.4 cm-1, respectively. Changing the nitrogen substituents systematically from 
electron donating (F) to electron withdrawing substituents (I) does have a slight effect on 
the TEP values (ΔTEP = 3.2), but the values do not vary over a wide range.36 
Changing the architecture of the imidazole ring of the carbene also has a slight 
effect on the TEP values. Generally speaking, the unsaturated NHCs, with a carbon-
carbon double bond at the 4- and 5-positions of the NHC ring, exhibit lower TEP values 
and are therefore more electron-donating than their saturated counterparts. Some 
representative examples are displayed in Figure 1-XI.37 For example, the unsaturated 
NHC J exhibits a TEP value of 2051.5 cm-1, while the corresponding saturated NHC K 
has a TEP value of 2051.9 cm-1.  A similar small difference in TEP values is evident for 
L and M which exhibit TEP values of 2052.8 cm-1 and 2053.1 cm-1, respectively. The 
observation that unsaturated NHCs are slightly superior electron donors than their 
saturated counterparts is a consequence of the decreased amount of π-electron back-
donation from the metal into the unsaturated NHC which, in turn, is due to increased 
electron donation from the double bond into the carbenic carbon pz orbital. Overall, the 
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reduction in the amount of π-electron back-donation from the metal to the carbenic 
carbon results in a increased amount of electron density being transferred from the metal 
center to the CO ligand.36  
 
Figure 1-XI: Comparison of the C4-C5 bond saturation differences in selected NHCs. 
 
Substitution at the 4- and 5-positions of the NHC backbone causes a larger effect 
on the donicity of the carbenic carbon than substitution of the nitrogen substituents. The 
incorporation of electron-withdrawing groups at the 4- and 5-positions of the NHC 
backbone is anticipated to raise the TEP value due to the decreased ability of the NHC to 
donate electron density to the coordinated metal because of the electron-withdrawing 
effects of the subsituents. The incorporation of electron-donating groups at the 4- and 5-
positions is anticipated to lower the TEP value, since a more strongly donating NHC 
lowers the bond order of the ancillary carbonyl ligands of a coordinated metal. For 
example, chlorination at the 4- and 5-positions of IPr (D) raises the computed TEP value 
by 3.8 cm-1 while methylating the same positions of IMes (E) lowers the computed TEP 
value by 2.9 cm-1.51 In another study, the systematic substitution of ImNMe2 (Figure 1-
XII) with various nitrogen substituents ranging from strongly electron withdrawing to 
strongly electron donating results in a significant difference in the TEP values for these 
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complexes. Substitution by NO2, CN, CF3, Cl, H, Me, and NMe2 resulted in TEP values 
of 2068.6, 2066.2, 2063.9, 2059.0, 2054.1, 2051.7, and 2050.2, respectively.37 The large 
variation in TEP values implies that substitution at the 4- and 5-positions of the NHC ring 
may be the best method for influencing the electronics of the ligand, and consequently 
the electronics of the coordinated metal center. 
 
Figure 1-XII: Systematic comparison of electron-donating and electron-withdrawing 
substituted ImNMe2. 
 
1.1.8: Annulation of NHCs 
As discussed in Section 1.1.7, one of the ways to extend the scope of NHC ligand 
tuning is by means of architectural change. In this context, there is a steadily growing 
interest in the annulation of NHCs with a variety of carbocyclic and heterocyclic rings.52-
60 However, fusion of carboxylic and heterocyclic rings to the 4,5-positions of an NHC is 
a relatively unexplored area of research. Some representative examples of 4,5-fused rings 
systems that have been reported in the literature are displayed in Figure 1-XIII and 
include a benzene-fused NHC (N),53 two pyridine-fused NHCs (O and P),54 a 
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naphthalene-fused NHC (Q),55 a phenanthrene-fused NHC (R),55,56 a perimidine-based 
NHC (S),57 two imidazo-[1,5-a]pyridine based NHCs (T and U),58 a 2,2’-bipyridine-based 
NHC (V),59  and a novel benzene-supported bis(carbene) (W).60 
 
Figure 1-XIII: Representative examples of annulated NHCs. 
 
Ring fusions have been shown to have a significant impact on the stabilities of 
and bonding in the resulting annulated species. 25,57,59,61-65 The annulation influences the 
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donor and acceptor strengths of the NHC by affecting the electron density at the carbenic 
carbon.54,66 NHCs are stabilized by the electron donation of the nitrogen lone pair into the 
pz orbital of the carbenic carbon as discussed in Section 1.1.1. Annulation of the NHC 
ring introduces a competition for the nitrogen lone pair electron density by partitioning 
the electron density between the carbenic carbon pz orbital and the annulated aromatic 
ring. In this way, annulation destabilizes the NHC. Annulated NHCs are more likely to 
dimerize upon deprotonation if bulky nitrogen substituents are not present.67-69 
Annulation is an effective way to tune the electronics of an NHC. The 13C NMR 
shift of the carbenic carbon is a useful parameter for evaluation of the electronic effects 
of annulation on an NHC.70 Table 1-i provides a list of the carbenic carbon 13C NMR 
shifts for the various annulated NHCs displayed in Figure 1-XIII. As a reference, the non-
annulated IPr exhibits a 13C NMR chemical shift of δ 220.6 ppm for the carbenic 
carbon.71 
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Table 1-i: Carbenic carbon 13C NMR shifts of various annulated NHCs 
NHC Carbenic Carbon 13C NMR Shift (δ, ppm) 
N (R = Np) 231.825  
O 235.254 
P 235.854 
Q 239.866 
R (R=o-tolyl 224.954 
S 241.757 
T 206.258 
U 208.758 
V 196.459 
W 227-23160 
 
A more downfield 13C NMR resonance for the carbenic carbon results in a 
relatively electron poor carbeneic carbon and is therefore a less electron-donating NHC. 
Increasing the linear annulation of the NHC causes a downfield shift of the 13C NMR 
signal.66 Annulated NHC O exhibits a carbenic carbon 13C NMR resonance at δ 235.2 
ppm and is downfield shifted in comparison with respect to N (δ 231.8 ppm). The slight 
downfield 13C NMR shift of O compared to N results from increased π-electron 
delocalization in the case of O. NHCs O and P, which are both annulated with pyridine 
moieties, have virtually identical 13C NMR chemical shifts (δ 235.2 ppm and 235.8 ppm, 
respectively) which demonstrates that the position of the nitrogen in the annulated ring 
does not have an appreciable effect on the donicity of the carbenic carbon atom. The 
biscarbene W, which features two NHC moieties fused together by a benzene ring, has 
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virtually the same shift as the benzene annulated derivative N. The 13C NMR shift of Q (δ 
239.8 ppm) is slightly downfield of that of O which implies that Q is the less electron 
donating NHC containing the more extended π system. The extension of the π system in 
Q compared to N-P increases the π-electron delocalization and further decreases the 
electron density in the pz orbital of the carbenic carbon and hence the 13C NMR resonance 
shifts downfield. Interestingly, the naphthalene-annulated six-membered NHC S exhibits 
the strongest downfield shift of the annulated NHCs shown in Figure 1-XIII.  
A more upfield 13C NMR resonance of the carbenic carbon results in a more 
electron rich carbenic carbon and therefore a more electron-donating NHC. The highly 
annulated NHC R (δ 224.9 ppm) exhibits an upfield shift in comparison with those of the 
NHCs N-Q. The authors suggested that the π-electron delocalization of the fused benzene 
rings may be electronically decoupled from the π-electron delocalization of the 
imidazole-2-ylidene ring. Both T and U show similar shifts (δ 206.2 ppm and δ 208.7 
ppm, respectively) which are significantly upfield in comparison with the NHCs N-S, 
which in turn suggests that the annulation effects of T and U are less significant. Lastly, 
the 2,2’-bipyridine-based NHC V has the largest upfield shift at δ 196.4 ppm, thus 
implying that V is the most electron-rich NHC. 
 
1.1.9: Bis(imino)acenaphthene Ligand 
Bis(imino)acenaphthene (BIAN) compounds were first described in the literature 
in the 1960s. However it is more recently that such compounds have been employed as 
ligands.72 Beginning in the 1990s, numerous complexes have been reported that feature 
ligation to both transition metals and main group elements. The two conjugated imine 
functions, as illustrated in Figure 1-XIV, have good σ-donating and π-accepting 
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properties. These electronic capabilities allow the BIAN ligand to stabilize both the high 
and low oxidation states of many metal ions. A noteworthy application of BIAN ligands 
has been their use in olefin polymerization transformations.73 
 
 
 
 
 
Figure 1-XIV: DAB and BIAN ligand frameworks. 
 
The BIAN ligand can be regarded as the fusion of a naphthalene moiety onto a 
1,4-diaza-1,3-butadiene (DAB) ligand (Figure 1-XIV).72 This fusion results in a more 
structurally rigid ligand, thereby increasing the lifetimes of BIAN supported catalysts.73 
The annulation also enforces a cis conformation for the diimine moiety, which favors the 
chelation of the metal.  
The fusion of naphthalene to the DAB moiety also brings about interesting redox 
properties.72 For example, the BIAN ligand can accept as many as four electrons 
sequentially from an appropriate reducing agent. Density functional theory (DFT) 
calculations predict that the BIAN ligand has an electron affinity of approximately 1.0 eV 
with respect to addition of the first electron.74 Upon chemical reduction, the addition of 
the first two electrons results in the formation of a dianion, which features a C-C double 
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bond and two C-N single bonds.72 The two additional electrons reside in molecular 
orbitals that are centered over the naphthalene moiety. 
The widespread use of the BIAN ligand class in the literature stems in part from 
the easy and relatively inexpensive syntheses of these particular ligands.72 BIAN ligands 
are typically synthesized by simple condensation reactions between acenaphthenequinone 
and an appropriate amine in the presence of acetic acid. The synthesis of the most 
commonly used BIAN ligand, diisopropylphenyl(BIAN) [dipp(BIAN)], is displayed in 
Figure 1-XV. The dipp(BIAN) ligand is typically prepared by refluxing a mixture of 
acenaphthenequinone and diisopropylaniline in acetic acid and acetonitrile.75  
 
Figure 1-XV: Synthesis of dipp(BIAN). 
 
The facile steric and electronic tuning of the ligand also contributes to the 
increasingly widespread use of the BIAN ligand class.72 The nitrogen substituents can be 
varied, from alkyl to aryl, however, aryl groups are used most frequently due to their 
facile synthesis. A variety of the Ar(BIAN) complexes that have been reported in the 
literature are depicted in Figure 1-XVI. The steric properties of the ligand vary greatly 
and range from the bulky diisopropylphenyl (dipp) and mesityl (mes) groups to the less 
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sterically demanding 4-n-hexylphenyl substituent. The use of a para-methoxyphenyl 
(pMeO) substituent affords a strongly electron-donating BIAN ligand. On the other hand, 
the use of a para-fluorophenyl (pF) or para-nitrophenyl (pNO2) substituent results in 
electron-withdrawing BIAN ligands. 
 
Figure 1-XVI: A representative collection of various Ar(BIAN) ligands. 
 
1.1.10: Overview of Objectives and Scope 
This dissertation is organized into four chapters. This introductory chapter 
comprises of a broad review of carbenes in order to give general background information 
on this topic. Chapter one also includes an outline of the research motivations of the 
present work. 
Chapter two describes the synthetic methodology for the production of a variety 
of metal complexes of an N-heterocyclic carbene based on the BIAN ligand framework. 
The compounds synthesized include complexes of copper(I), silver(I), gold(I), and 
iridium(I). Each new complex was characterized by multinuclear NMR, MS, HRMS, mp, 
and single-crystal X-ray diffraction studies. The donicity of NHC ligands has 
implications in catalysis and therefore the amount of electron donicity of the new NHC 
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was quantitated by the Tolman Electronic Parameter method, as this method is well 
accepted in the literature. 
In chapter three, the synthesis and isolation of the free NHC will be described, 
along with an interesting ring-opened decomposition product. The free NHC was 
electrochemically and chemically reduced in order to characterize the reduced state of the 
ligand. Spectroelectrochemical IR techniques will be described to quantitatively assess 
the increase in the electron donation of the new NHC upon reduction. The chemical 
reduction of the new NHC was investigated using EPR. The reduced state of the NHC 
was also evaluated by DFT calculations. The redox ability of the new NHC could have 
implications in catalysis, e.g. redox-switchable catalysis. 
Lastly, chapter four begins with a general review of the antimicrobial activities of 
silver and gold complexes and ammonium salts, specifically focusing on the use of NHCs 
and their precursors. This chapter will also detail the synthesis of a variety of new 
imidazolium salts based on the BIAN ligand framework. These salts, along with the 
silver(I) and gold(I) complexes of the new NHC were evaluated for their antimicrobial 
activities against a selection of Gram-positive and Gram-negative bacteria. The 
electrospinning process for the fabrication of nanofibers that incorporate the two gold(I) 
complexes of the new NHC will also be described. The antimicrobial activity of the new 
nanofibers mats was also assessed and compared to standard antibiotics. These new 
nanofibrous mats may have practical applications as new materials for wound dressings. 
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Chapter 2: Syntheses and Characterization of Bis(imino)acenaphthene 
(BIAN)-Supported N-Heterocyclic Carbene Coordination Complexes 
2.1: INTRODUCTION 
2.1.1: Overview 
The objective of the work described in the present chapter is focused on the 
synthesis of metal complexes supported by a new NHC ligand, namely IPr(BIAN). The 
new metal complexes were synthesized by treatment of IPr(BIAN) with copper(I), 
silver(I), gold(I), and iridium(I) precursors. All the new complexes were fully 
characterized by conventional methods including single-crystal X-ray diffraction studies. 
The (NHC)Ir(CO)2Cl complex was synthesized in order to investigate the extent of 
electron donicity with respect to the new NHC ligand. 
 
2.1.2: An NHC Based on the BIAN Ligand  
Ligands of the bis(imino)acenaphthene (BIAN) class1 seemed like promising 
candidates for fusion to NHCs due to the facile steric tuning of the nitrogen substituents 
and their structural rigidity. The facile redox behavior of the BIAN ligand class is an 
attractive characteristic that would represent a useful feature of for new NHC. The 
synthesis of an NHC based on the BIAN ligand was anticipated to result in an Arduengo-
type2 NHC (X), as displayed in Figure 2-I. Such an NHC would also represent an 
interesting contrast with the saturated Wanzlick-type3 (Y) BIAN NHC (Figure 2-I) which 
was described by Green et al.4 For example, X is anticipated to possess a planar skeleton 
and in contrast Y has been shown to be bent along the saturated C–C bond. A further 
differentiating feature of these ligands is that, in principle, the carbenic carbon of X is in 
conjugative contact with the naphthalene moiety.  The extended conjugation could have 
 32 
interesting implications with respect to the donor character of the NHC ligand. These 
trends could have important consequences in terms of catalytic behavior. 
 
 
 
 
Figure 2-I: Unsaturated (X) and saturated (Y) NHC frameworks based on the BIAN 
ligand. 
 
As described by Green et al.,4 deprotonation of the imidazolinium salt was 
problematic and the outcome of the reaction was found to depend on both the base and 
solvent used (Figure 2-II). For example, a ring-opened product resulted from the 
attempted deprotonation with KN(SiMe3)2, KOtBu, or potassium pentalate in THF 
solution at -78°C. However, successful deprotonations were achieved by treatment with 
KOtBu in THF solution at -78°C or nBuLi in pentane at -78°C by careful optimization of 
the reaction times. The free NHCs were found to be stable both in solution and in the 
solid state under an inert atmosphere.  
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Figure 2-II: Attempted deprotonation of a saturated NHC based on the BIAN ligand. 
 
Similar 13C NMR signals for the carbenic carbon can be seen for NHCs Y and 
sIPr (δ 241.9 ppm and 244.0 ppm, respectively). The downfield shifts of Y and sIPr are 
indicative of relatively weak electron donating NHCs in comparison with those of N-Q 
(Section 1.1.8). Green et al.4 were able to demonstrate that the saturated BIAN NHC 
ligand can successfully serve as a ligand by complexation of this NHC to Ir(COD)Cl, 
Rh(COD)Cl, and Ir(COD)Ph. Unfortunately, the corresponding [(NHC)Ir(CO)2Cl] 
complexes of the saturated BIAN carbene were not synthesized, hence the TEP values 
were not assessed. 
Examination of Group 14 of the Periodic Table revealed that examples of Group 
14 homologues of X are confined to the germylenes. Specifically, Fedushkin et al.6 
synthesized three germylenes based on the BIAN ligand framework, namely (dipp-
BIAN)Ge, (dtb-BIAN)Ge and (bph-BIAN)Ge (dipp = 2,6-iPr2C6H3 ; dtb = 2,5-tBu2C6H3; 
bph = 2-PhC6H4 (Figure 2-III). Unfortunately, presumably due to the extreme reactivity of 
(dipp-BIAN)Ge,7 no metal complexes of the germylenes have been reported to date. 
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Figure 2-III: BIAN-based germylenes. 
 
2.2: RESULTS AND DISCUSSION 
2.2.1: Synthesis of Complexes 
The synthetic approaches that were employed for the syntheses of compounds 2-1 
through 2-8 are presented in this section. Each new compound showed remarkable air and 
moisture stability even after prolonged storage in ambient conditions. 
 
IPr(BIAN) Imidazolium Chloride (2-1) 
The BIAN imidazolium chloride 2-1 (Scheme 2-I) was prepared by heating a 
mixture of dipp(BIAN) and excess methoxy(methyl) chloride in a thick-walled glass 
tube. Upon cooling, a yellow solid precipitated from the red-brown solution. 
Recrystallization of the resulting yellow powder from a DCM–toluene mixture afforded a 
crop of single crystals of 2-1 suitable for X-ray analysis. The yield of analytically pure 2-
1 prior to recrystallization was 86%. Compound 2-1 was characterized on the basis of 1H 
and 13C NMR, MS, HRMS, melting point determination, and single-crystal X-ray 
diffraction. The pertinent 1H, 13C, MS, HRMS, and mp data are presented in the 
Experimental Section (Section 2.4).  The results of the single-crystal X-ray studies are 
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summarized in Section 2.2.2. In deuterated chloroform solution, the characteristic 1H 
NMR chemical shift of the carbenic carbon proton of 2-1 was detected at δ 12.23 ppm. A 
significant downfield shift of this magnitude indicates that the C-H proton is deshielded 
and hence relatively acidic, which is akin to other imidazolium salts.4 
 
Scheme 2-I: Synthesis of IPr(BIAN) Imidazolium Chloride (2-1). 
 
IPr(BIAN)CuCl (2-2) 
Treatment of the imidazolium chloride 2-1 with KtOBu and CuCl in THF solution 
afforded the red copper chloride complex 2-2 in good yields, as shown in Scheme 2-II. 
Furthermore, it was possible to grow X-ray quality crystals from a saturated THF 
solution, both at ambient temperature and also at reduced temperature (-40 °C). 
Compound 2-2 was characterized on the basis of 1H and 13C NMR, MS, HRMS, melting 
point determination, and single-crystal X-ray diffraction data. The 1H, 13C, MS, HRMS, 
and mp data are presented in the Experimental Section (Section 2.4). The pertinent 
single-crystal X-ray diffraction data are presented in Section 2.2.2. 
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Scheme 2-II: Synthesis of IPr(BIAN)CuCl (2-2). 
 
IPr(BIANAgCl (2-3) 
The reaction of the imidazolium chloride 2-1 with Ag2O in DCM-THF solution at 
ambient temperature afforded an excellent yield (92%) of the anticipated IPr(BIAN) 
silver chloride complex 2-3 (Scheme 2-III). Yellow crystals of 2-3 appropriate for single-
crystal X-ray analysis were grown from a saturated solution of 2-3 in 3 : 1 DCM–
hexanes. Compound 2-3 was characterized on the basis of 1H and 13C NMR, MS, HRMS, 
melting point determination, and single-crystal X-ray diffraction. The 1H, 13C, MS, 
HRMS, and mp data are presented in the Experimental Section (Section 2.4). Details of 
the single-crystal X-ray diffraction studies are presented in Section 2.2.2.  
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Scheme 2-III: Synthesis of IPr(BIAN)AgCl (2-3). 
 
IPr(BIAN)AuCl (2-4) 
Treatment of the sliver chloride IPr(BIAN) complex (2-3) with (tht)AuCl in DCM 
solution afforded the corresponding bright yellow AuCl complex 2-4 (Scheme 2-IV). X-
ray quality crystals of 2-4 were grown from a saturated THF-hexanes solution. 
Compound 2-4 was characterized on the basis of 1H and 13C NMR, MS, HRMS, melting 
point determination, and single-crystal X-ray diffraction. The 1H, 13C, MS, HRMS, and 
mp data are presented in the Experimental Section (Section 2.4). The pertinent X-ray 
diffraction data are presented in Section 2.2.2. 
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Scheme 2-IV: Synthesis of IPr(BIAN)AuCl (2-4). 
 
IPr(BIAN)AgOAc (2-5) 
Compound 2-5 was prepared in reasonable yields by treatment of 2-3 with 
AgOAc in DCM solution, as illustrated in Scheme 2-V. Recrystallization of the resulting 
yellow powder from a saturated toluene solution afforded a large crop of yellow single 
crystals of 2-5 suitable for single X-ray diffraction studies. The crystals of 2-5 were stable 
to ambient light for long periods of time. Compound 2-5 was characterized on the basis 
of 1H and 13C NMR, MS, HRMS, melting point determination, and single-crystal X-ray 
diffraction. The 1H, 13C, MS, HRMS, and mp data are presented in the Experimental 
Section (Section 2.4). The results of the single-crystal X-ray diffraction studies are 
summarized in Section 2.2.2. 
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Scheme 2-V: Synthesis of IPr(BIAN)AgOAc (2-5). 
 
IPr(BIAN)AuOAc (2-6) 
Treatment of compound 2-4, with AgOAc in DCM solution (Scheme 2-VI) 
afforded the anticipated yellow AuOAc complex of IPr(BIAN) (2-6). Slow evaporation 
of a saturated DCM-hexanes solution resulted in a crop of crystals suitable for X-ray 
diffraction study. Compound 2-6 was characterized by means of 1H and 13C NMR, MS, 
HRMS, melting point determination, and single-crystal X-ray diffraction data. The 1H, 
13C, MS, HRMS, and mp data are presented in Section 2.4 and the results of the X-ray 
studies are summarized in Section 2.2.2. 
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Scheme 2-VI: Synthesis of IPr(BIAN)AuOAc (2-6). 
 
IPr(BIAN)Ir(COD)Cl (2-7) 
The Ir(COD)Cl complex 2-7 of IPr(BIAN) (Scheme 2-VII) was prepared in  
toluene solution by treatment of the imidazolium chloride 2-1 with KOtBu and a slight 
excess of [Ir(COD)Cl]2. The imidazolium salt was deprotonated and the free NHC 
subsequently coordinated to the iridium metal center, thereby cleaving the iridium dimer. 
Orange-red 2-7 was isolated in 78% yield and a small crop of single crystals suitable for 
X-ray analysis was grown from a saturated hexanes solution. Compound 2-7 was 
characterized on the basis of 1H and 13C NMR, MS, HRMS, melting point determination, 
and single-crystal X-ray diffraction. The 1H, 13C, MS, HRMS, and mp data are presented 
in the Experimental Section, Section 2.4. The results of the X-ray crystallographic studies 
are summarized in Section 2.2.2. 
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Scheme 2-VII: Synthesis of IPr(BIAN)Ir(COD)Cl (2-7). 
 
IPr(BIAN)Ir(CO)2Cl (2-8) 
The yellow IPr(BIAN)[Ir(CO)2Cl] complex 2-8 was produced by exposure of a 
DCM solution of 2-7 to an atmosphere of CO for 1 h, as shown in Scheme 2-VIII. A 
simple ligand exchange process involving the COD ligand on the iridium metal center 
was employed for introduction of the carbonyl ligands. Following workup, a few crystals 
of X-ray quality were harvested from a saturated solution of 2-8 in hexanes. Compound 
2-8 was characterized on the basis of 1H and 13C NMR, MS, HRMS, melting point 
determination, and single-crystal X-ray diffraction. The 1H, 13C, MS, HRMS, and mp data 
are presented in Section 2.4. Details of the X-ray diffraction studies are presented in 
Section 2.2.2.  
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Scheme 2-VIII: Synthesis of IPr(BIAN)Ir(CO)2Cl (2-8). 
 
As evident in the majority of complexes involving the dipp(BIAN) ligand, the 
dipp groups are subject to restricted rotation around the ipso-carbon.8 In turn, this 
restricted rotation causes the methyl proton peaks of the isopropyl groups to be split into 
two doublets of twelve protons each in the 1H NMR spectrum, for which symmetry 
arguments predict only one doublet integrating to twenty-four protons for the methyl 
protons of the dipp groups. However, typically the methine shift of the isopropyl groups 
is not affected by the restricted rotation and appears as one septet resonance integrating to 
four protons. The characteristic methine peak of the dipp protons of 2-8 in deuterated 
chloroform solution is split into two diasteriotopic septets due to the square-planar 
coordination geometry at the iridium(I), d8 metal center. One set of methine protons is 
located at a resonance of δ 2.74 ppm and the other set is shifted further downfield to δ 
3.17 ppm. This splitting of the resonances into two peaks implies that, in solution, the 
carbenic carbon-iridium bond is not freely rotating on the NMR timescale. The hindered 
rotation may be due to the steric influence of the IPr(BIAN) ligand on the metal center.  
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 A similar hindered rotation that results in diasteriotopic NMR signals was evident 
in the Rh(CO)2Cl complex of NHC S (Section 1.1.8, Figure 1-XIII).9 The rotational 
activation energy of the Ccarbene-Rh bond of (S)Rh(CO)2Cl was calculated to have an 
activation energy of greater than 20 kcal/mol and the restricted rotation was described to 
be a consequence of the increased steric congestion associated with the use of a six-
membered NHC ring. 
 
2.2.2: X-ray Diffraction Studies 
IPr(BIAN) Imidazolium Chloride (2-1) 
The imidazolium chloride 2-1 was structurally authenticated on the basis of a 
single-crystal X-ray diffraction study.10 A summary of data collection details appears in 
Table 2-i and the metrical parameters are presented in Table 2-ix.  
Compound 2-1 crystallizes in the monoclinic space group P21/c. An ORTEP view 
of 2-1 (with solvent molecules omitted) is displayed in Figure 2-IV. The asymmetric unit 
features one molecule of toluene and two molecules of the DCM solvent. An additional 
molecule of heavily disordered toluene was removed using the program SQUEEZE.11 
The unit cell contains four cation-anion pairs. 
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Figure 2-IV: ORTEP view of IPr(BIAN) imidazolium chloride (2-1) with partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms except H(1) have been omitted for clarity. 
 
The metrical parameters of 2-1 are similar to that of other imidazolium chlorides 
reported in the literature.7 The C(1)-N(1) bond distance of 1.345(4) Å and the C(1)-N(2) 
bond distance of 1.336(4) Å are indicative of the presence of single bonds with a 
modicum of multiple bonding character. Such an outcome is anticipated due to the 
electron delocalization accompanied by partial electron donation of the nitrogen lone 
pairs into the empty pz orbital of C(1). The N(1)-C(1)-N(2) bond angle of 109.4(3)° is 
slightly wider than those of the other four angles in the five-membered imidazole ring 
which range between 107.4(3)° and 107.9(3)° and deviate from that of a perfect pentagon 
angle by 1.5°. The BIAN ligand moiety exhibits bond distances of 1.378(4) Å and 
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1.374(4) Å for the C(2)-N(1) and C(3)-N(2) bonds, respectively, thus revealing their 
single bond character while the C(2)-C(3) bond length of 1.354(4) Å is indicative of a 
double bond. An additional structural feature is the fact that the phenyl rings of the dipp 
nitrogen substituents are rotated by 38.88° with respect to each other and form roughly 
perpendicular dihedral angles of 88.41° and 86.27° with respect to the imidazole ring.  
The chloride anion Cl(1) possesses a distorted octahedral geometry, being 
surrounded by three nearest neighbor molecules of 2-1 and two molecules of DCM. The 
distance between the anion Cl(1) and the carbenic proton H(1) is 2.333(1) Å and Cl(1) 
shows close contacts (2.580(1) Å and 2.635(1) Å) to the hydrogen atoms of the two DCM 
solvent molecules. The distances between the Cl(1) ion and the hydrogen atoms located 
at the 4- and 6-positions of the naphthalene moiety of the nearest neighbor cation of 2-1 
are 2.813(1) Å and 2.883(1) Å. Lastly, the hydrogen atoms located at the 4-positions on 
the dipp phenyl ring of the two nearest neighbors are also in close contact to Cl(1) (2.923 
Å and 2.833 Å, respectively).  
 
IPr(BIAN)CuCl (2-2) 
Compound 2-2 was structurally authenticated on the basis of a single-crystal X-
ray diffraction study.12 A summary of the data collection details appears in Table 2-ii and 
a list of the pertinent metrical parameters is presented in Table 2-x.  
Compound 2-2 crystallizes in the monoclinic space group I2/a. An ORTEP view 
of 2-2 (with omission of the solvent molecule) is presented in Figure 2-V. The 
asymmetric unit contains half of a molecule of 2-2 and one molecule of the THF solvent. 
The other half of the molecule of 2-2 is related by a 2-fold rotation axis located at the 
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center of the molecule, namely the C(7)-C(8) bond of the naphthalene moiety and the 
C(1)-Cu(1)-Cl(1) bonds. The unit cell contains four molecules of 2-2.  
 
Figure 2-V: ORTEP view of IPr(BIAN)CuCl (2-2) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The C(1)-Cu(1)-Cl(1) bond of 2-2 is slightly disordered perpendicular to the plane 
of the BIAN moiety, making an angle of 12.95(6)° between the two refined positions of 
the Cl ligand [Cl(1) and Cl(1A)] and the carbenic carbon C(1). For simplicity, only one 
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orientation is displayed in Figure 2-V. The coordination environment around the Cu(1) 
center is roughly linear as indicated by the C(1)-Cu(1)-Cl(1) bond angle of 178.1(5)°. 
Comparison of the bond distance of 2-2 with that of the non-annulated IPr-CuCl complex 
reported by Nolan et al.13 revealed that the C(1)-Cu(1) bond length in 2-2 is 1.889(3) Å 
and therefore shorter than that in the IPrCuCl complex (1.953 Å). In contrast, the Cu(1)-
Cl(1) bond distance of 2-2 is slightly longer (2.1120(19) Å) than that for IPrCuCl (2.089 
Å). Comparison of 2-2 with that of the imidazolium salt 2-1 revealed that the C(1)-N(1) 
distance of 1.367(3) Å for 2-2 is slightly longer than that of the C(1)-N(1,2) average bond 
distance for 2-1 (1.340(4) Å). The N(1)-C(1)-N(1)i bond angle of 105.7(3)° for 2-2 is 
smaller than those of the other bond angles in the imidazole ring, which range from 
107.09(12)° to 110.1(2)°. The changes in the metrical parameters of the NHC ligand 
upon complexation to the metal ion is a result of the loss of the positive charge that is 
delocalized across the N(1)–C(1)–N(2) fragment of the imidazolium salt.4,14 The C(2)-
C(2)i bond distance of 1.367(5) Å is indicative of double bond character while the C(2)-
N(1) distance of 1.381(3) Å falls within the range anticipated for a single bond. 
The phenyl rings of the dipp nitrogen substituents are rotated by 30.21° with 
respect to each other and make a perpendicular angle (89.10°) with respect to the 
imidazole ring. The Cl(1) ligand is in close contact 2.873(4) Å (averaged over the 
disorder) with respect to the hydrogen atom on the 4-position of the phenyl groups of the 
dipp substituents. The oxygen atom of the THF solvent molecule is in close spatial 
contact with the hydrogen atom of the 2-position of the naphthalene moiety of one 
molecule and the 4-position of the naphthalene moiety of a second molecule of 2-2, the 
distances between them being 2.703(4) Å and 2.575(4) Å, respectively. 
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IPr(BIAN)AgCl (2-3) 
Compound 2-3 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.15 A summary of data collection details appears in Table 2-iii and a 
listing of metrical parameters is presented in Table 2-xi.  
The IPr(BIAN)AgCl complex 2-3 crystallizes in the triclinic space group P1 with 
two independent molecules in the asymmetric unit and a total of four molecules in the 
unit cell. An ORTEP view of 2-3 is presented in Figure 2-VI. The metrical parameters for 
the symmetrically inequivalent molecules of 2-3 are very similar to each other hence only 
one molecule is displayed in Fig. 2-VI.  
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Figure 2-VI: ORTEP view of IPr(BIAN)AgCl (2-3) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The metrical parameters, averaged over the crystallographically independent 
molecules) for the imidazole ring of 2-3 are very similar to those measured for 2-2. The 
C(2)-C(3) distance for 2-3 of 1.357(4) Å is characteristic of a double bond. The average 
C(2,3)-N(1,2) bond lengths of 1.378(4) Å and 1.384(4) Å  are characteristic of single 
bonds. The N(1)-C(1)-N(2) bond angle of 105.3(2)° is considerably more acute than the 
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other bonds of the imidazole ring, which range between 107.3(2)° and 110.2(3)°. The 
average C(1)-N(1,2) bond length of 1.370(4) Å and the acute N(1)-C(1)-N(2) bond angle 
of 2-3 are similar to that observed for 2-2. The coordination geometry around Ag(1) is 
approximately linear. The C–Ag and Ag-Cl bond distances and the C-Ag-Cl bond angles 
(averaged over the crystallographically independent molecules) of 2.067(3) Å, 2.314(1) 
Å, and 175.84(9)°, respectively, are very similar to those reported for the non-annulated 
complex (IPr)AgCl, namely 2.056(6) Å, 2.316(17) Å and 175.2(2)°, respectively.16 These 
data suggest that there is only a minimal effect of annulation on the complexation of the 
NHC to silver. Comparison of the structure of 2-3 with that of the similar naphthalene-
annulated silver-NHC Q-AgCl17 revealed a similar, linear coordination environment 
around the silver ion. The C-Ag and Ag-Cl bond distances and the C-Ag-Cl bond angle 
of Q-AgCl are 2.077(3) Å, 2.3178(7) Å, and 176.56(7)°, respectively, and are also 
similar to those reported for 2-3. As expected, the Ccarbene-Ag bond and the Ag-Cl bond 
are both significantly longer in the silver complex 2-3 than in the copper complex 2-2 due 
to the larger ionic radius of silver(I) in comparison with that of copper(I) (the ionic radii18 
of Ag(I) and Cu(I) are 1.00 Å and 0.46 Å, respectively). As a consequence, the C(1)-
Ag(1) bond of 2-3 is 0.178 Å longer than that of the C(1)-Cu(1) bond of 2-2 and the 
Ag(1)-Cl(1) bond is 0.202 Å longer than that of the Cu(1)-Cl(1) bond. 
The phenyl rings of the dipp nitrogen substituents of one of the 
crystallographically inequivalent molecules of 2-3 are rotated by 25.36° with respect to 
each other and make approximately perpendicular dihedral angles of 83.55° and 89.50° 
with the imidazole ring. The chloride ligand Cl(1) makes close spatial contacts to three 
separate nearest neighbor dipp phenyl hydrogen atoms with distances of 2.810(1) Å, 
2.892(1) Å, and 2.901(1) Å. For the other crystallographically independent molecule of 
2-3, the phenyl rings of the dipp nitrogen substituents are rotated by 29.06° from each 
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other and make slightly less perpendicular dihedral angles of 82.89° and 88.44° with 
respect to the imidazole ring. The chloride ligand Cl(1A) is also in close contact with to 
the dipp phenyl hydrogen atoms of three separate nearest neighbor molecules of 2-3, the 
distances for which are 2.920(1) Å, 2.788(1) Å, and 2.738(1) Å. A fourth close contact of 
2.913(1) Å is made with the methyl hydrogen atom of the nearest neighbor. 
 
IPr(BIAN)AuCl (2-4) 
Compound 2-4 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.19 A summary of data collection details appears in Table 2-iv and the 
metrical parameters are presented in Table 2-xii.  
The IPr(BIAN)AuCl complex 2-4 crystallizes in the monoclinic space group 
P21/c. An ORTEP view of 2-4 (with solvent molecules omitted) is displayed in Figure 2-
VII. The asymmetric unit also contains two molecules of THF solvent and the unit cell 
consists of four molecules of 2-4. 
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Figure 2-VII: ORTEP view of IPr(BIAN)AuCl (2-4) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The coordination geometry around the Au(1) center is approximately linear, with 
a C(1)-Au(1)-Cl(1) bond angle of 178.38(9)°. The C(1)-Au(1) bond length of 1.975(3) Å 
is slightly longer than that of the non-annulated complex IPrAuCl20 for which this value 
is 1.942(3) Å. The Au(1)-Cl(1) bond length of 2.277(9) Å is also longer than that of 
IPrAuCl (2.2698(11) Å). The metrical parameters for the NHC ring of 2-4 are almost 
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identical with those of the corresponding copper complex 2-2 and the silver complex 2-3. 
The C(1)-N(1,2) average bond length for 2-4 is 1.359(3) Å which is longer than that of 
the imidazolium salt 2-1 (as is also evident in the cases of 2-2 and 2-3). Also similar to 2-
2 and 2-3, the N(1)-C(1)-N(2) bond (105.7(2)°) was found to be more acute than the 
other bond angles in the imidazole moiety, which range from 106.9(2)° to 110.1(2)°. The 
C(2)-C(3) bond distance of 1.358(4) Å is typical of that for a double bond and the C(2)-
N(1) and C(3)-N(2) bond lengths of 1.374(4) Å and 1.379(3) Å, respectively, are 
characteristic of single bonds. Moreover, these bond lengths and angles are very similar 
to those reported for the non-annulated complex IPrAuCl.20  
The phenyl rings of the dipp nitrogen substituents are rotated from each other by 
an angle of 29.45° and exhibit approximately perpendicular dihedral angles of 87.50° and 
87.92° with respect to the imidazole ring. Furthermore, the Cl(1) ligand is in close 
contact with a hydrogen atom of one THF solvent molecule and the hydrogen atom on 
the 4-position of the phenyl ring of the dipp substituent of a nearest neighbor molecule of 
2-4, the distances for which are 2.923(1) Å and 2.918(1) Å, respectively.  
Comparison of the silver complex 2-3 and the copper complex 2-2 with that of the 
gold complex 2-4 revealed that the bonds around the gold(I) center in 2-4 are 
intermediate in length, despite the fact that the ionic radius of gold(I) is larger than that of 
silver(I) by 0.37 Å.18 Thus the C(1)-Au(1) bond distance of 1.975(3) Å for complex 2-4 is 
0.092 Å shorter than that for the C(1)-Ag(1) bond and 0.086 Å longer than that of the 
C(1)-Cu(1) bond of 2-2. Similarly, the Au(1)-Cl(1) bond distance of 2.277(9) Å is 0.037 
Å shorter than that of the Ag(1)-Cl(1) bond distance of 2-3 and 0.165 Å longer than that 
of the Cu(1)-Cl(1) bond distance of 2-2. The discrepancy in the ionic radius—bond 
length trend is attributable to the relativistic effects of gold. As consequence of the theory 
of relativity, the mass of an electron increases velocity as it approaches the speed of 
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light.21 In the cases of very large atoms with high atomic numbers, such as gold, the mass 
increase of the electrons is significant and causes a contraction of the atomic radius. 
Moreover, the 6s electrons penetrate close to the nucleus and are therefore subjected to 
strong accelerating forces hence the gold 6s orbital has a significantly smaller radius than 
predicted. The low energy of the 6s orbital in the case of gold also results in a very strong 
Au-ligand bond.  
A view of the crystal packing diagram for 2-4 is displayed in Figure 2-VIII. The 
gold, chlorine, oxygen, nitrogen, and carbon atoms are depicted in gold, aquamarine, red, 
blue, and gray, respectively. The shortest AuAu distance in the crystal packing 
diagram is 8.649(2) Å which implies that there are no aurophilic interactions even though 
they are as expected on the basis of the relativistic effects of gold.22 Stabilizing aurophilic 
interactions on the order of hydrogen-bonding interactions are found in many Au(I)-L 
complexes. For example, a triazole(NHC)AuCl complex synthesized by Nolan et al.23 
revealed significant AuAu contacts ranging between 3.851 Å and 4.059 Å in the 
packing diagram. In the case of 2-4, the long AuAu distance is due to the alternating 
head-to-tail arrangement of 2-4 and the bulkiness of the dipp groups. The presence of 
THF solvent between the columns of the 2-4 molecules also causes separation of the gold 
atoms.  
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Figure 2-VIII: Crystal packing diagram of IPr(BIAN)AuCl (2-4). Thermal ellipsoids are 
drawn at the 50% probability level. All hydrogen atoms have been omitted 
for clarity. 
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IPr(BIAN)AgOAc (2-5) 
Compound 2-5 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.24 A summary of data collection details appears in Table 2-v and a 
table including the metrical parameters is presented in Table 2-xiii.  
Compound 2-5 crystallizes in the triclinic space group P1. The asymmetric unit 
contains two crystallographically independent molecules of 2-5 and one molecule of 
water. An ORTEP view of one of the crystallographically independent molecules of 2-5 
is displayed in Figure 2-IX. An additional molecule of heavily disordered toluene was 
removed using the program SQUEEZE.11 The unit cell contains a total of four molecules 
of 2-5. 
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Figure 2-IX: ORTEP view of IPr(BIAN)AgOAc (2-5) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The metrical parameters for 2-5 are virtually identical to those of the 
corresponding silver chloride complex 2-3. The average C(1)-N(1,2) bond length of 
1.370(9) Å averaged over the two crystallographically independent molecules is longer 
than that of the average C(1)-N(1,2) distance in the case of 2-1. The average N(1)-C(1)-
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N(2) bond angle of 105.3(6)° is also more acute than the other angles in the imidazole 
ring that range from 107.0(6)° – 110.4(6)°. The C(2)-C(3) bond length of 1.346(10) Å is 
indicative of double bond character. However, the N(1)-C(2) and N(2)-C(3) bond lengths 
of 1.346(10) Å and 1.382(9) Å, respectively are clearly of single bond character. The 
coordination geometry around the silver center is close to linear and the a C(1)-Ag(1)-
O(1) bond angle is 174.7(2)°. The C(1)-Ag(1) bond length is 2.063(7) Å and thus 
virtually identical to that of the silver chloride complex 2-3 (2.067(3) Å). The Ag(1)-O(1) 
bond length of 2-5 is 2.128(5) Å and therefore slightly shorter than that of the Ag(1)-
Cl(1) bond of 2-3, which is expected due to the size of the chloride ligand compared with 
that of the oxygen atom of the acetate ligand. 
The phenyl rings of the dipp nitrogen substituents of one of the 
crystallographically independent molecules of 2-5 are rotated 31.22° from each other and 
form virtually perpendicular dihedral angles of 87.03° and 87.64° with respect to the 
imidazole ring. The phenyl rings of the dipp substituents of other crystallographically 
unique molecule of 2-5 in the asymmetric unit form dihedral angles of 84.24° and 78.77° 
with the imidazole ring and a dihedral angle of 40.06° between the rings. There is a 
significant hydrogen bonding interaction between the O(2) atom of one of the acetate 
ligands and the water molecule in the crystal packing diagram. A water molecule is also 
in close contact with a methyl hydrogen atom of the next nearest neighbor. The 
hydrogen-bonded oxygen atom is also located at a distance of 2.786(5) Å from the silver 
atom. In contrast, the corresponding O(2) atom of the other unique molecule in the 
asymmetric unit is not coordinated to a water molecule and is located at a significantly 
shorter distance from the silver atom (2.700(9) Å), thus suggesting that the acetate ligand 
could be considered to be bonded in an η2 fashion to the silver center via the O(1) and 
O(2) atoms. Other close contacts include the O(1) atom to the hydrogen atom of the 3-
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position of the naphthalene moiety (2.719(5) Å) of one unique molecule of 2-5 and the 
O(2) atom to the meta hydrogen atom of the dipp substituent of the other unique 
molecule (2.49(1) Å). 
 
IPr(BIAN)AuOAc (2-6) 
Compound 2-6 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.25 A summary of the data collection details appears in Table 2-vi and 
the metrical parameters are presented as a table in Table 2-xiv.  
Compound 2-6 crystallizes in the monoclinic space group P21/c, with four 
molecules in the unit cell. An ORTEP view of the structure is presented in Figure 2-X. In 
this particular structure, one highly disordered molecule of DCM was removed from the 
asymmetric unit using the program SQUEEZE.11 
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Figure 2-X: ORTEP view of IPr(BIAN)AuOAc (2-6) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The metrical parameters for the AuOAc complex of IPr(BIAN) 2-6 are virtually 
identical to that of the AuCl analogue 2-4. Thus the C(2)-C(3) bond distance of 1.352(6) 
Å in 2-6 is indicative of a double bond and the bond distances of 1.360(5) Å and 1.377(5) 
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Å for the C(2)-N(1) and C(3)-N(2) bonds, respectively, are indicative of single bonds. 
Moreover, the C(1)-N(1) and C(1)-N(2) bond distances of 1.357(5) Å and 1.365(5) Å are 
longer than those for 2-1 and similar to those reported for related metal complexes. The 
N(1)-C(1)-N(2) bond angle of 105.6(3)° is more acute than those of the other bond angles 
in the imidazole ring (106.9(3)° – 110.1(3)°) and also similar to the values reported for 
related complexes. The coordination environment around the gold center is 
approximately linear as evidenced by a C(1)-Au(1)-O(1) bond angle of 177.62(14)°. This 
value is very similar to those for the silver acetate complex 2-5 and the gold chloride 
complex 2-4. The C(1)-Au(1) bond length of 1.949(4) Å for complex 2-6 is 0.114 Å 
shorter than the corresponding bond distance that was found for the silver complex 2-5. 
As expected, the Au(1)-O(1) bond length of 2.023(3) Å is 0.105 Å shorter than that of the 
corresponding bond distance in 2-5. As pointed out earlier, this observation results from 
the relativistic effects of gold.21 
The phenyl rings of the dipp nitrogen substituents are rotated by 26.86° with 
respect to each other and are arranged at dihedral angles of 88.13 and 86.67° with respect 
to the imidazole ring. Moreover, the O(1)-C(38)-O(2) moiety of the acetate ligand is 
rotated by an angle of 50.24° with respect to the plane of the imidazole ring. 
Furthermore, the O(2) atom of the acetate ligand is in close contact (2.532(3) Å) with the 
hydrogen atom located at the 2-position of the phenyl dipp substituent of the nearest 
neighbor 2-6 molecule. The distance from the 3-position of the hydrogen atom of the 
naphthalene moiety of the nearest neighbor molecule of 2-6 and O(1) is 2.591(3) Å. The 
O(2) atom of the acetate ligand is located at a distance of 3.008(4) Å with respect to 
Au(1). The substantial separation between the atoms O(2) and Au(1) indicates that there 
is no significant bonding between the O(2) atom of the acetate ligand and the Au(1) atom. 
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The acetate ligand can therefore be considered to be bonded in an η1 fashion to the gold 
center via the O(1) atom.  
Two mutually perpendicular views of the molecular packing in the crystal of 2-6 
are presented in Figure 2-XI. The gold, chlorine, oxygen, nitrogen, and carbon atoms are 
depicted in gold, aquamarine, red, blue, and gray, respectively. As in the case of 2-4, the 
two closest gold centers are separated 7.323(1) Å thus implying that no significant 
AuAu interactions are present. 
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Figure 2-XI: Two views of the crystal packing diagram of IPr(BIAN)AuOAc (2-6). 
Thermal ellipsoids are drawn at the 50% probability level. All solvent 
molecules and hydrogen atoms have been omitted for clarity. 
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IPr(BIAN)Ir(COD)Cl (2-7) 
Compound 2-7 was structurally authenticated on the basis of a single-crystal X-
ray diffraction study.26 A summary of data collection details is presented in Table 2-vii 
and the corresponding metrical parameters are presented in Table 2-xv.  
Compound 2-7 crystallizes in the monoclinic space group P21/c and an ORTEP 
view of this molecule is displayed in Figure 2-XII. The unit cell contains four molecules 
of 2-7.  
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Figure 2-XII: ORTEP view of IPr(BIAN)Ir(COD)Cl (2-7) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The cylcooctadiene (COD) ligand coordinates in an η4 fashion to C(38), C(45), 
C(41), and C(42). The coordination geometry around the iridium(I) center is 
approximately square planar, and the pertinent bond angles are 86.79(15)°, 86.92(17)°, 
91.33(17)°, 97.1(2)°, 89.5(2)°, 96.41(2)°, and 97.2(2)° for the C(1)-Ir(1)-Cl(1), Cl(1)-
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Ir(1)-C(38), Cl(1)-Ir(1)-C(45), C(38)-Ir(1)-C(42), C(45)-Ir(1)-C(41), C(42)-Ir(1)-C(1),  
and C(41)-Ir(1)-C(1) bonds, respectively. The Ir-C bond lengths of 2.161(6) Å and 
2.173(5) Å to the trans carbons C(38) and C(45) of the COD ligand are longer than those 
of the Ir-C bonds of 2.108(5) and 2.106(6) for the cis carbons C(41) and C(42) for the 
COD ligand. The observation of longer bonds to the trans ligand of a square planar d8 
metal are due to the strong trans effect of the σ-electron donating NHC ligand 
IPr(BIAN). The Ir-C(1) bond distance of 2.040(6) Å for 2-7 is similar to the value 
reported for the corresponding Wanzlick-type BIAN carbene (2.070(3) Å).4 Furthermore, 
both values fall within the range of 1.99 Å – 2.091 Å reported in the literature for 
comparable (NHC)Ir(COD)Cl complexes.27 Overall, the geometries, bond distances and 
bond angles for 2-7 are very similar to those reported for the corresponding IPr 
complex.28 The C(2)-C(3) bond length of 1.359(7) Å is indicative of a double bond and 
the C(2)-N(1) and C(3)-N(2) bond lengths of 1.389(7) Å and 1.388(7) Å, respectively are 
characteristic of single bonds. The average C(1)-N(1,2) bond distance of 1.387(7) Å is 
larger than that of the imidazolium salt 2-1, which, in turn, is similar to those of other 
metal complexes of IPr(BIAN). Finally, the N(1)-C(1)-N(2) bond angle of 104.9(5)° is 
significantly smaller than the other bond angles of the imidazole ring which range from 
107.1(5)° to 110.5(4)°. 
The phenyl rings associated with dipp nitrogen substituents of 2-7 are rotated by 
an angle of 29.97° from each other and make dihedral angles of 80.75° and 83.10° with 
respect to the imidazole ring. Interestingly, the Cl(1) ligand does not feature any 
significant close contacts to other molecules of 2-7 in the crystal lattice. 
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IPr(BIAN)Ir(CO)2Cl (2-8) 
Compound 2-8 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.29 A summary of data collection details appears in Table 2-viii and  a 
table of the associated metrical parameters is presented in Table 2-xvi.  
Compound 2-8 crystallizes in the orthorhombic space group Pnma. An ORTEP 
view of 3-2 is presented in Figure 2-XIII. The asymmetric unit contains half of one 
molecule of 2-8, the other half being related by a mirror plane that bisects the 
naphthalene moiety down the C(7)-C(8) bond. The unit cell contains four molecules of 2-
8.  
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Figure 2-XIII: ORTEP view of IPr(BIAN)Ir(CO)2Cl (2-8) along with a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The coordination environment around the iridium center is square planar, with 
bond angles of 90.7(2)°, 90.8(3)°, 86.5(4)°, and 92.(3)°, for C(1)-Ir(1)-Cl(1), Cl(1)-Ir(1)-
C(21)trans, C(21)trans-Ir(1)-C(22)cis, and C(22)cis-Ir(1)-Cl(1), respectively. The Ir(1)-
Cl(1) bond length of 2.342(3) Å of 2-8 is somewhat shorter than that of 2.3644(16) Å for 
the Ir(COD)Cl complex 2-7, presumably due to the steric influence of the COD ligand. 
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The Ir-C(1) bond distance of 2.089(7) Å for 2-8 is encompassed by the range of literature 
values of 2.065 Å – 2.122 Å cited for this parameter.28 Additionally, the cis and trans Ir-
carbonyl distances of 1.850(10) Å and 1.849(9) Å, respectively are close to the literature 
values of 1.827(4) Å – 1.888(4) Å and 1.877(4) Å – 1.900(5) Å, respectively. It is 
interesting to note that it might be expected that the trans Ir-carbonyl distance would be 
longer than that of the cis Ir-carbonyl distance due to the trans effect emanating from the 
strongly σ-electron donating NHC ligand. This is, however, not the case for 2-8 since the 
cis and trans bond lengths are identical within experimental error. Overall, the 
geometries, bond distances and bond angles for 2-8 are very similar to those reported for 
the corresponding non-annulated IPr complex.28 A bond length of 1.348(11) Å is 
consistent with the presence of double bond character in the C(2)-C(2)i bond and the 
N(1)-C(2) bond length of 1.388(7) Å is consistent with that  anticipated for a single bond. 
The C(1)-N(1) bond length of 1.371(6) Å is longer than that observed for 2-1 and the 
N(1)-C(1)-N(1)i is more acute (105.7(6)°) than those of the other bonds in the imidazole 
ring (107.5(3)° – 109.6(5)°). This trend was found to be the case for the other metal 
complexes described herein. 
The dihedral angle between the phenyl rings of the dipp nitrogen substituents of 
2-8 is 19.32°, and the corresponding dihedral angle with the imidazole ring is 88.15°. The 
only significant close contacts in 2-8 are those that occur between the oxygen atoms of 
the carbonyl ligands. Finally, the chloride ligand Cl(1) does not exhibit any significant 
close contacts in the crystal packing. 
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2.2.3: Donor Character of IPr(BIAN) 
As a consequence of the inability to determine the 13C chemical shift of the 
carbenic carbon experimentally (see Section 3.2.1 in the following chapter for a 
discussion), an estimate of the donor character of IPr(BIAN) was made on the basis of 
infrared stretching frequencies of the carbonyl ligands of the iridium complex 2-8.20,28,30 
In the case of 2-8 the symmetric CO stretching frequencies taken in the solid state appear 
at 2053.95 and 2061.54 cm-1, while the corresponding asymmetric CO stretching 
frequencies appear at 1966.40 cm-1 and 1973.90 cm-1 (doublets due to Fermi resonance). 
These values are close to the ranges of 2055 – 2072 cm-1 and 1971 – 1989 cm-1 that have 
been reported for other (NHC)Ir(CO)2Cl complexes.20  Using equation (1) presented in 
Section 1.1.7, 28.31  the computed TEP value for the BIAN carbene ligand is 2042 cm-1.  
NHC TEP values typically range from approximately 2068 to 2040 cm-1.32,33 The 
TEP of 2042 cm-1 for IPr(BIAN) therefore suggests that IPr(BIAN) is a relatively strong 
donor, since it exhibits a very low frequency with respect to the range of typical TEP 
values that have been reported in the literature. Comparison of the IPr(BIAN) ligand to 
that of the non-annulated IPr reveals that IPr(BIAN) is a significantly stronger electron 
donating ligand than IPr (TEP = 2052 cm-1).28 Annulation of the naphthalene moiety 
affects the electronic properties of the NHC ligand significantly, thereby making it a 
stronger donor. The TEP value for a 4,5-diphenyl substituted IPr synthesized by Crabtree 
et al.34 was calculated to be 2046 cm-1 and is in relatively close agreement with the TEP 
value calculated for IPr(BIAN). 
 
2.2.4: Further Studies 
There are many more opportunities for exploration of the coordination chemistry 
of the strongly donating NHC ligand IPr(BIAN). For example, coordination of NHC 
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ligands to lanthanide metals (Ln) and main-group elements (E) represent relatively 
underexplored opportunities. In this context, it would be interesting to explore the 
structural relationships of the Ln or E complexes of IPr(BIAN) with the complexes 
reported in the present discussion. Moreover, due to its relatively strong electron donating 
ability, the IPr(BIAN) ligand may be able to stabilize such moieties as low-valent main-
group cations. Furthermore, the steric bulk of the BIAN moiety may be useful in terms of 
stabilizing complexes with low coordination numbers. Finally, it would also be 
interesting to explore and compare the catalytic activities of the well-known NHCs 
complexes of sIPr and IPr with the potential catalytic activity of IPr(BIAN) complexes.  
 
2.3: CONCLUSION 
Several complexes of the new annulated NHC ligand, IPr(BIAN) have been 
synthesized. The IPr(BIAN) complexes of CuCl, AgCl, AuCl, AgOAc, AuOAc, 
Ir(COD)Cl and Ir(CO)2Cl complexes of have been synthesized, each of which has been 
characterized on the basis of single-crystal X-ray diffraction, multinuclear NMR, MS, 
and HRMS data. The magnitudes of the symmetric and asymmetric infrared carbonyl 
stretching frequency modes for IPr(BIAN)Ir(CO)2 Cl and the corresponding TEP value of 
2042 cm-1 suggest that the carbenic carbon of IPr(BIAN) is a relatively strong donor in 
comparison with other NHC ligands that have been reported in the literature. 
 
2.4: EXPERIMENTAL 
2.4.1: General Procedures 
All manipulations and reactions were performed under a dry, oxygen-free argon 
atmosphere using standard Schlenk techniques or in an argon-filled, catalyst scrubbed M-
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Braun or Vacuum Atmospheres drybox. All glassware was oven-dried for at least 24 h at 
120°C and vacuum- and argon flow-degassed prior to use. The solvents THF, hexanes, 
and diethyl ether were dried over sodium and benzophenone and then freshly distilled 
prior to use. Toluene was dried over molten sodium and freshly distilled prior to use. 
Dichloromethane was dried over calcium hydride and freshly distilled prior to use.  
All commercial reagents were used without further purification. The compounds 
dipp(BIAN)35 and (tht)AuCl 36 were synthesized according to literature procedures. 
 
2.4.2: Physical Measurements 
All 1H and 13C{1H} NMR spectra were recorded at 295 K in the indicated solvent 
on a Varian Unity + 300 (1H, 300 MHz; 13C 75 MHz), a Varian AS400 spectrometer (1H, 
400 MHz; 13C 100 MHz), or a Varian INOVA 500 spectrometer (1H, 500 MHz; 13C 125 
MHz), immediately following sample preparation. Deuterated solvents were obtained 
from Cambridge Isotopes and stored over 4 Å molecular sieves prior to use. Chemical 
shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00) using 
solvent resonances as internal standards. The FTIR spectra were obtained on a Perkin-
Elmer Spectrum BX system. The melting points of the new compounds were obtained on 
a Fischer-Johns apparatus and are uncorrected. Low-resolution CI mass spectra were 
obtained on a Thermo Scientific TSQ Quantum GC mass spectrometer and high-
resolution mass spectra were recorded on a magnetic sector Waters Autospec Ultima 
instrument.  
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2.4.3: Single-Crystal X-ray Crystallography 
Single crystal samples were covered in mineral oil and mounted on a nylon thread 
loop. The X-ray data were collected on either a Nonius Kappa CCD diffractometer at 153 
K using an Oxford Cryostream low temperature device, a Rigaku AFC12 diffractomer 
with a Saturn 724+ CCD at 100 K using a Rigaku XStream low temperature device, or a 
Rigaku SCX-Mini diffractometer with a Rigaku XStream low temperature device 
operating at 153 K. All instruments were equipped with a graphite monochromated 
MoKα radiation source (λ = 0.71073 Å). The data reduction was performed with either 
DENZO-SMN or Rigaku Americas Corporation’s Crystal Clear version 1.40 or 2.0. All 
the new structures were solved by direct methods and refined by full-matrix least squares 
on F2 with anisotropic displacement parameters for the non-H atoms using the SHELXTL 
PLUS 5.0 (PC) software package37 and PLATON.38 The hydrogen atoms attached to 
carbon were calculated in idealized positions and refined using a riding model and 
general isotropic thermal parameters. 
 
2.4.4: Synthesis of Compounds 
IPr(BIAN) Imidazolium Chloride (2-1) 
Dipp-BIAN (1.00 g, 1.997 mol) and methoxy(methyl)chloride (3.22 mL, 2.00 
mmol) were added to an argon-purged thick-walled pressure vial. The vial was sealed 
tightly and the resulting brown slurry was stirred and heated to 100 °C. After 16 h, the 
clear, red solution was cooled to ambient temperature. Diethyl ether (5 mL) was added to 
the vial, resulting in the formation of a yellow precipitate. The precipitate was filtered off 
and washed with 30 mL of diethyl ether, then dried in vacuo to afford 2-1 as an 
analytically pure yellow powder (0.92 g, 83.9%). A single crystal suitable for X-ray 
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analysis was grown from a saturated solution of 2-1 in a 3 : 1 DCM-toluene solvent 
mixture that had been stored at -40 °C. 
MS (CI+, CH4): m/z 513 [M + H]+ (–Cl); HRMS (CI+, CH4): calcd for C37H41N2 
m/z 513.3270; found, 513.3262; 1H NMR (CDCl3): δ 1.20 (d, 12H, CH3), 1.41 (d, 12H, 
CH3), 2.75 (sept, 4H, –CH), 7.18–7.29 (d of d, 4H, Ar–H), 7.48 (d, 2H, Naph- H), 7.60 (t, 
2H, Ar–H), 7.68 (t, 2H, Naph-H), 8.02 (d, 2H, Naph-H), 12.23 (s, 1H, C–H); 1H NMR 
(CD2Cl2): δ 1.45 (d, 12H, CH3), 1.59 (d, 12H, CH3), 2.97 (sept, 4H, –CH), 7.55 (d, 2H, 
Naph-H), 7.80 (d, 4H, Ar–H), 7.92 (t, 2H, Ar–H), 8.03 (t, 2H, Naph-H), 8.35 (d, 2H, 
Naph-H), 11.32 (s, 1H, C–H); 13C NMR (CD2Cl2): δ 23.51, 24.84, 29.75, 123.37, 123.46, 
125.46, 128.74, 129.43, 130.40, 130.87, 132.68, 138.08, 142.51, 145.44, 206.83 (C–H); 
mp (decomp): 286–290 °C. 
 
IPr(BIAN)CuCl (2-2) 
THF (30 mL) was added to a 50 mL Schlenk flask that was charged with 2-1 
(0.040 g, 0.073 mmol), KOtBu (0.009 g, 0.080 mmol), and CuCl (0.0073 g, 0.0737 
mmol). The reaction mixture was stirred overnight, and subsequently the orange solution 
gradually assumed a red color. The solvent was removed under reduced pressure and the 
resulting solids were digested in fresh THF. The white precipitate was filtered off and the 
solvent was removed from the filtrate under reduced pressure to afford an analytically 
pure red solid (0.0322 g, 72.3%). An X-ray quality single-crystal was grown from a 
saturated solution of THF that had been stored at ambient temperature or at -40 °C. 
MS (ESI+, CH4): m/z 572 [M – Cl]+, m/z 633 [M + Na]+; HRMS (ESI+, CH4): calcd 
for C37H40N2Cu m/z 575.24769; found, 575.24820, calcd for C37H40N2CuNa m/z 
633.20682; found, 633.20682; 1H NMR (CDCl3): δ 1.14 (d, 12H, CH3), 1.40 (d, 12H, 
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CH3), 2.66 (sept, 4H, – CH), 7.33 (d, 2H, Naph-H), 7.43 (t, 2H, Naph-H), 7.68 (d of d, 
4H, Ar–H), 7.92 (t, 2H, Ar–H), 8.09 (d, 2H, Naph-H); 13C NMR (CDCl3): δ 24.74, 28.89, 
29.98, 123.01, 123.68, 126.40, 126.97, 128.84, 129.68, 130.50, 131.25, 133.55, 137.62, 
145.70; mp (decomp): 276–279 °C. 
 
IPr(BIAN)AgCl (2-3) 
An aluminum foil covered, argon-flushed 50 mL round-bottom flask was charged 
with 2-1 (0.10 g, 0.182 mmol), Ag2O (0.20 g, 0.863 mmol), and 30 mL of a 1 : 1 DCM-
THF solvent mixture. The reaction mixture was stirred for 16 h at ambient temperature, 
following which it was vacuum-filtered over Celite and passed through a disc filter. The 
solvent was stripped from the resulting yellow filtrate to afford 2-3 as an analytically pure 
yellow solid (0.110 g, 92.1%). A single crystal of 2-3 was grown from a saturated 
solution of DCM-hexanes that had been stored in the dark at -40 °C. 
MS (CI+, CH4): m/z 656 [M + H]+; HRMS (CI+, CH4): calcd for C37H40N2AgCl m/z 
654.1931; found, 654.1922; 1H NMR (CDCl3): δ 1.09 (d, 12H, CH3), 1.30 (d, 12H, CH3), 
2.80 (sept, 4H, – CH), 7.00 (d, 2H, Naph-H), 7.38 (d of d, 4H, Ar–H), 7.43 (t, 2H, Naph-
H), 7.58 (t, 2H, Ar–H), 7.80 (d, 2H, Naph-H); 13C NMR (CDCl3): δ 23.81, 24.78, 28.85, 
121.11, 124.63, 125.10, 127.82, 128.49, 129.86, 130.82, 130.96, 133.22, 139.26, 145.54; 
mp (decomp): 305–310 °C. 
 
IPr(BIAN)AuCl (2-4) 
Dichloromethane (30 mL) was added to a 50 mL argon-flushed, aluminum foil-
wrapped round bottom flask charged with 2-3 (0.051 g, 0.079 mmol) and (tht)AuCl 
(0.025 g, 0.078 mmol). The reaction mixture was stirred for 12 h at ambient temperature, 
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after which the volatiles were removed under reduced pressure. The crude product was 
digested in toluene, filtered, and the solvent stripped under reduced pressure to afford an 
analytically pure bright yellow solid 2-4 (0.0511 g, 86.8%). A single crystal suitable for 
X-ray diffraction studies was grown from a saturated THF-hexanes solution of 2-4 that 
had been stored at -40 °C. 
MS (CI+, CH4): m/z 745 [M + H]+; HRMS (CI+, CH4): calcd for C37H40N2AuCl 
m/z 744.2546; found, 744.2548; 1H NMR (CD2Cl2): δ 1.12 (d, 12H, CH3), 1.38 (d, 12H, 
CH3), 2.83 (sept, 4H, –CH), 7.04 (d of d, 2H, Naph-H), 7.46 (t, 2H, Naph-H), 7.47 (d, 
4H, Ar–H), 7.68 (t, 2H, Ar–H), 7.85 (d of d, 2H, Naph- H); 13C NMR (CD2Cl2): δ 23.91, 
24.59, 29.35, 121.70, 125.00, 125.62, 128.26, 128.96, 130.56, 131.33, 133.12, 138.41, 
146.11; mp (decomp): 337–340 °C. 
 
IPr(BIAN)AgOAc (2-5) 
Dichloromethane (30 mL) was added to an aluminum-foil wrapped, argon flushed 
50 mL round bottom flask that had been charged with 2-3 (0.115 g, 0.175 mmol) and 
AgOAc (0.030 g, 0.179 mmol). The resulting yellow reaction mixture was stirred for 12 h 
at ambient temperature, following which the solvent was removed under reduced 
pressure. The crude product was digested in toluene and filtered over Celite. The solvent 
was removed under reduced pressure affording 2-5 as an analytically pure bright yellow 
solid (0.0775 g, 65.1%). An X-ray quality single-crystal was grown from a saturated 
toluene-hexanes solution that had been stored in the dark at -40 °C. 
MS (CI+, CH4): m/z 679 [M+H]+; HRMS (CI+, CH4): calcd for C39H44N2O2Ag m/z 
679.2454; found, 679.2449; 1H NMR (CDCl3): δ 1.11 (d, 12H, CH3), 1.33 (d, 12H, CH3), 
1.88 (s, 3H, OAc-CH3), 2.83 (sept, 4H, -CH), 7.02 (d, 2H, Naph-H), 7.40 (d, 4H, Ar-H), 
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7.43 (t, 2H, Naph-H), 7.59 (t, 2H, Ar-H), 7.81 (d, 2H, Naph-H); 13C NMR (CDCl3): δ 
22.66, 23.83, 24.69, 28.88, 121.05, 124.57, 125.27, 127.79, 128.37, 129.86, 130.70, 
130.84, 133.37, 139.19, 139.25, 145.63, 178.07; mp (decomp): 268-270 °C. 
 
IPr(BIAN)AuOAc (2-6) 
Dichloromethane (30 mL) was added to an aluminum-foil, argon flushed 50 mL 
round bottom flask containing 2-4 (0.120 g, 0.161 mmol) and AgOAc (0.0280 g, 0.168 
mmol). After 12 h of stirring the reaction mixture at ambient temperature, the solvent was 
stripped under reduced pressure. The crude yellow solid product was digested in toluene, 
filtered, and the solvent was removed under reduced pressure to afford analytically pure 
2-6 as a bright yellow solid (0.0735 g, 59.3%). A single crystal suitable for X-ray 
diffraction analysis was grown by slow evaporation of a saturated DCM-hexanes solution 
of 2-6. 
MS (CI+, CH4): m/z 769 [M+H]+; HRMS (CI+, CH4): calcd for C39H44N2O2Au m/z 
769.3068; found, 769.3068; 1H NMR (CDCl3): δ 1.10 (d, 12H, CH3), 1.41 (d, 12H, CH3), 
1.81 (s, 3H, OAc-CH3), 2.82 (sept, 4H, -CH), 7.01 (d, 2H, Naph-H), 7.40 (d, 4H, Ar-H), 
7.44 (t, 2H, Naph-H), 7.60 (t, 2H, Ar-H), 7.81 (d of d, 2H, Naph-H); 13C NMR (CDCl3): 
δ 23.91, 23.96, 24.38, 29.05, 121.21, 124.52, 125.36, 127.80, 128.55, 129.78, 130.29, 
130.87, 132.83, 138.05, 145.67, 176.35; mp (decomp): 340-343 °C. 
 
IPr(BIAN)Ir(COD)Cl (2-7) 
A Schlenk flask was charged with 2-1 (0.10 g, 0.182 mmol), KOtBu (0.028 g, 
0.273 mmol), and [Ir(COD)Cl]2 (0.61 g, 0.091 mmol). Toluene (40 mL) was cannulated 
into the flask and the resulting yellow suspension was stirred for 2 h, during which time 
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the solution assumed a red color and became clear. The reaction mixture was filtered, 
following which the volatiles were removed under reduced pressure. The crude orange-
red solid was washed with cold pentane resulting in analytically pure 2-7 (0.121g, 
78.4%). X-ray quality crystals of 2-7 were grown from a saturated hexanes solution 
stored at  -40 °C. 
MS (CI+, CH4): m/z 848 [M + H]+; HRMS (CI+, CH4): calcd for C45H52N2ClIr m/z 
846.3440; found, 848.3447; 1H NMR (CDCl3): δ 0.96 (br, 12H, CH3), 1.10 (d, 4H, COD), 
1.35 (d, 12H, CH3), 1.42 (d, 4H, COD), 1.66 (sept, 2H, –CH), 1.94 (br, 1H, –CH), 3.26 
(sept, 1H, –CH), 3.12 (m, 2H, COD), 4.29 (m, 2H, COD), 6.80 (d, 2H, Naph-H), 7.29 (d, 
2H, Naph-H), 7.40 (m, 3H, Ar–H), 7.45 (d, 1H, Ar–H), 7.51–7.66 (m, 4H, Ar–H, Naph-
H); 13C NMR (C6D6): δ 23.73, 23.92, 24.54, 25.93, 28.71, 28.95, 29.45, 33.57, 50.76, 
83.59, 121.58, 122.92, 123.26, 124.39, 124.99, 126.62, 127.13, 127.56, 128.25, 128.28, 
129.01, 129.42, 129.59, 130.05, 130.39, 132.24, 134.75, 140.35, 144.97, 191.03 (C–Ir); 
mp (decomp): 255–260 °C. 
 
IPr(BIAN)Ir(CO)2Cl (2-8) 
Dichloromethane (30 mL) was added to a Schlenk flask charged with 2-7 (0.030 
g, 0.035 mmol). The resulting orange solution was stirred under a CO atmosphere (1 atm) 
for 1 h, during which time the reaction mixture assumed a yellow color. The solvent was 
evaporated by flushing the reaction mixture with argon. The crude bright yellow solid 
was washed with 50 mL of cold pentane and subsequently dried under argon to afford 2-8 
as an analytically pure bright yellow solid (0.025 g, 88.8%). X-ray suitable crystals were 
grown from a saturated solution of 2-8 in hexanes that had been stored at -40 °C. 
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MS (CI+, CH4): m/z 761 [M + H]+; HRMS (CI+, CH4): calcd for C39H40N2IrO2 m/z 
761.2719; found, 761.2724; 1H NMR (CDCl3): δ 0.98 (d, 6H, CH3), 1.16 (d, 6H, CH3), 
1.42 (d, 12H, CH3), 2.74 (sept, 2H, –CH), 3.17 (sept, 2H, –CH), 6.84 (d, 1H, Naph-H), 
7.29 (d, 1H, Naph-H), 7.40 (t, 1H, Ar–H), 7.45–7.55 (d of d, 4H, Ar–H), 7.63 (t, 2H, 
Naph-H), 7.68–7.79 (m, 2H, Naph-H, Ar–H), 8.06 (d, 1H, Naph-H); 13C NMR (CDCl3): 
δ 23.52, 24.06, 24.16, 25.63, 29.01, 29.43, 122.13, 123.02, 123.17, 124.59, 125.09, 
125.80, 127.43, 128.34, 129.06, 129.66, 130.12, 130.65, 130.83, 132.37, 133.46, 137.69, 
138.25, 140.35, 140.92, 144.95, 146.16, 167.57 (CO), 168.80 (CO), 215.10 (C–Ir); IR 
(KBr pellet) (υmax/cm-1: 2061.54 and 2053.95 (CO, symmetric), 1973.90 and 1966.40 
(CO, asymmetric); mp (decomp): 217–220 °C. 
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2.5: APPENDIX 
2.5.1: Tables of Crystallographic Details and Structure Refinement Data 
Table 2-i: Crystallographic details and structure refinement data for IPr(BIAN) 
imidazolium chloride (2-1) 
Empirical formula C53H61Cl5N2  
Formula weight 903.29  
Temperature 153(2) K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 12.958(3) Å α = 90° 
 b = 17.012(4) Å β = 98.35(3)° 
 c = 21.450(4) Å γ =  90° 
Volume 4678.2(16) Å3  
Z 4  
Density (calculated) 1.283 Mg/m3  
Absorption coefficient 0.349 mm-1  
F(000) 1912  
Crystal Size 0.13 x 0.05 x 0.04 mm3  
Theta range for data collection 1.53 to 27.49°  
Index ranges -16<=h<=16, -22<=k<=21, -27<=l<=27  
Reflections collected 19190  
R(int) 0.0859  
Completeness to theta = 26.00° 99.7 %  
Max. and min. transmission 0.986 and 0.979  
Data/restraints/parameters  10713 / 0 / 487  
Goodness-of-fit on F2 0.944  
Final R indices [I>2σ(I)] R1 = 0.0774, wR2 = 0.1764  
R indices (all data) R1 = 0.1912, wR2 = 0.2089  
Largest diff. peak and hole 1.188 and -0.598 e.Å-3  
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Table 2-ii: Crystallographic details and structure refinement data for IPr(BIAN)CuCl (2-
2) 
Empirical formula C45H56ClCuN2O2  
Formula weight 755.91  
Temperature 153(2) K  
Wavelength 0.71075 Å  
Crystal system Monoclinic  
Space group I2/a  
Unit cell dimensions a = 15.036(2) Å α = 90° 
 b = 17.426(2) Å β = 115.034(5)° 
 c = 17.539(2) Å γ =  90° 
Volume 4163.8(9) Å3  
Z 4  
Density (calculated) 1.206 Mg/m3  
Absorption coefficient 0.626 mm-1  
F(000) 1608  
Crystal Size 0.19 x 0.18 x 0.14 mm3  
Theta range for data collection 2.34 to 27.50°  
Index ranges -19<=h<=19, -22<=k<=22, -22<=l<=22  
Reflections collected 21859  
R(int) 0.0448  
Completeness to theta = 26.00° 99.9 %  
Max. and min. transmission 0.9175 and 0.8903  
Data/restraints/parameters  4775 / 0 / 247  
Goodness-of-fit on F2 1.147  
Final R indices [I>2σ(I)] R1 = 0.0704, wR2 = 0.1952  
R indices (all data) R1 = 0.0892, wR2 = 0.2114  
Largest diff. peak and hole 0.598 and -0.751 e.Å-3  
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Table 2-iii: Crystallographic details and structure refinement data for IPr(BIAN)AgCl (2-
3) 
Empirical formula C74H80Ag2Cl2N4  
Formula weight 1312.06  
Temperature 153(2) K  
Wavelength 0.71073 Å  
Crystal system Triclinic  
Space group P1  
Unit cell dimensions a = 12.027(2) Å α = 83.15(3)° 
 b = 15.592(3) Å β = 83.04(3)° 
 c = 18.241(4) Å γ = 82.24(3)° 
Volume 3345.8(12) Å3  
Z 4  
Density (calculated) 1.302 Mg/m3  
Absorption coefficient 0.709 mm-1  
F(000) 1360  
Crystal Size 0.10 x 0.07 x 0.06 mm3  
Theta range for data collection 1.72 to 27.46°  
Index ranges -15<=h<=15, -20<=k<=15, -23<=l<=23  
Reflections collected 21840  
R(int) 0.0268  
Completeness to theta = 26.00° 99.2 %  
Max. and min. transmission 0.952 and 0.934  
Data/restraints/parameters  15211 / 0 / 755  
Goodness-of-fit on F2 1.024  
Final R indices [I>2σ(I)] R1 = 0.0463, wR2 = 0.0849  
R indices (all data) R1 = 0.0847, wR2 = 0.0967  
Largest diff. peak and hole 0.832 and -0.509 e.Å-3  
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Table 2-iv: Crystallographic details and structure refinement data for IPr(BIAN)AuCl (2-
4) 
Empirical formula C45H56AuClN2O2  
Formula weight 889.33  
Temperature 100(2) K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 15.007(3) Å α = 90° 
 b = 17.331(4) Å β = 115.01(3)° 
 c = 17.298(4) Å γ =  90° 
Volume 4077.3(14) Å3  
Z 4  
Density (calculated) 1.449 Mg/m3  
Absorption coefficient 3.712 mm-1  
F(000) 1808  
Crystal Size 0.43 x 0.36 x 0.16 mm3  
Theta range for data collection 3.00 to 26.00°  
Index ranges -18<=h<=18, -21<=k<=21, -21<=l<=21  
Reflections collected 43245  
R(int) 0.0286  
Completeness to theta = 26.00° 99.8 %  
Max. and min. transmission 0.5881 and 0.2982  
Data/restraints/parameters  8003 / 0 / 468  
Goodness-of-fit on F2 1.325  
Final R indices [I>2σ(I)] R1 = 0.0248, wR2 = 0.0592  
R indices (all data) R1 = 0.0302, wR2 = 0.0619  
Largest diff. peak and hole 2.296 and -1.388 eÅ-3  
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Table 2-v: Crystallographic details and structure refinement data for IPr(BIAN)AgOAc 
(2-5) 
Empirical formula C85H90Ag2N4O5  
Formula weight 1463.35  
Temperature 100(2) K  
Wavelength 0.71069 Å  
Crystal system Triclinic  
Space group P1  
Unit cell dimensions a = 13.954(5) Å α = 110.637(5)° 
 b = 15.220(5) Å β = 97.489(5)° 
 c = 19.033(5) Å γ =  93.294(5)° 
Volume 3727(2) Å3  
Z 4  
Density (calculated) 1.304 Mg/m3  
Absorption coefficient 0.579 mm-1  
F(000) 1524  
Crystal Size 0.12 x 0.06 x 0.04 mm3  
Theta range for data collection 3.00 to 25.00°  
Index ranges -16<=h<=16, -18<=k<=18, 0<=l<=22  
Reflections collected 13101  
R(int) 0  
Completeness to theta = 26.00° 99.7 %  
Max. and min. transmission 1.00 and 0.4498  
Data/restraints/parameters  13101 / 0 / 818  
Goodness-of-fit on F2 1.096  
Final R indices [I>2σ(I)] R1 = 0.0923, wR2 = 0.2005  
R indices (all data) R1 = 0.1502, wR2 = 0.2259  
Largest diff. peak and hole 1.808 and -1.837e.Å-3  
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Table 2-vi Crystallographic details and structure refinement data for IPr(BIAN)AuOAc 
(2-6) 
Empirical formula C40H45AuCl2N2O2  
Formula weight 853.65  
Temperature 100(2) K  
Wavelength 0.71075 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 12.764(2) Å α= 90° 
 b = 19.274(3) Å β= 93.849(5)° 
 c = 15.025(3) Å γ = 90° 
Volume 3688.0(11) Å3  
Z 4  
Density (calculated) 1.537 Mg/m3  
Absorption coefficient 4.170 mm-1  
F(000) 1712  
Crystal Size 0.27 x 0.11 x 0.10 mm3  
Theta range for data collection 3.03 to 26.00°  
Index ranges -15<=h<=15, 0<=k<=23, 0<=l<=18  
Reflections collected 7234  
R(int) 0  
Completeness to theta = 26.00° 99.8 %   
Max. and min. transmission 0.6805 and 0.3989  
Data/restraints/parameters  7234 / 0 / 406  
Goodness-of-fit on F2 1.065  
Final R indices [I>2σ(I)] R1 = 0.0318, wR2 = 0.0771  
R indices (all data) R1 = 0.0369, wR2 = 0.0796  
Largest diff. peak and hole 1.685 and -0.994 eÅ-3  
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Table 2-vii: Crystallographic details and structure refinement data for 
IPr(BIAN)Ir(COD)Cl (2-7) 
Empirical formula C45H52ClIrN2  
Formula weight 848.60  
Temperature 153(2) K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 19.933(4) Å α = 90° 
 b = 12.719(3) Å β = 112.63(3)° 
 c = 15.990(3) Å γ =  90° 
Volume 3741.9(13) Å3  
Z 4  
Density (calculated) 1.506 Mg/m3  
Absorption coefficient 3.674 mm-1  
F(000) 1720  
Crystal Size 0.14 x 0.08 x 0.05 mm3  
Theta range for data collection 1.95 to 25.00°  
Index ranges -23<=h<=23, -15<=k<=14, -18<=l<=19  
Reflections collected 11443  
R(int) 0.0593  
Completeness to theta = 26.00° 99.9 %  
Max. and min. transmission 0.832 and 0.710  
Data/restraints/parameters  6582 / 0 / 450  
Goodness-of-fit on F2 1.008  
Final R indices [I>2σ(I)] R1 = 0.0395, wR2 = 0.0594  
R indices (all data) R1 = 0.1010, wR2 = 0.0742  
Largest diff. peak and hole 1.459 and -0.584 e.Å-3  
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Table 2-viii: Crystallographic details and structure refinement data for IPr(BIAN)Ir(CO)2 
(2-8) 
Empirical formula C39H40ClIrN2O2  
Formula weight 796.38  
Temperature 153(2) K  
Wavelength 0.71073 Å  
Crystal system Orthorhombic  
Space group Pnma  
Unit cell dimensions a = 12.468(3) Å α = 90° 
 b = 18.494(4) Å β = 90° 
 c = 14.718(3) Å γ =  90° 
Volume 3393.6(12) Å3  
Z 4  
Density (calculated) 1.559 Mg/m3  
Absorption coefficient 4.049 mm-1  
F(000) 1592  
Crystal Size 0.29 x 0.27 x 0.11 mm3  
Theta range for data collection 2.20 to 26.25°  
Index ranges -15<=h<=15, -23<=k<=22, -18<=l<=18  
Reflections collected 6370  
R(int) 0.0693  
Completeness to theta = 26.00° 99.9 %  
Max. and min. transmission 0.641 and 0.321  
Data/restraints/parameters  3529 / 0 / 221  
Goodness-of-fit on F2 1.049  
Final R indices [I>2σ(I)] R1 = 0.0436, wR2 = 0.0751  
R indices (all data) R1 = 0.0902, wR2 = 0.0873  
Largest diff. peak and hole 1.051 and -1.121 e.Å-3  
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2.5.2: Tables of Bond Lengths and Angles 
Table 2-ix: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN) imidazolium 
chloride (2-1) 
C(1)-N(2)  1.336(4)  N(2)-C(1)-N(1) 109.4(3) 
C(1)-N(1)  1.345(4)  C(3)-C(2)-N(1) 107.4(3) 
C(2)-C(3)  1.354(4)  C(3)-C(2)-C(4) 110.9(3) 
C(2)-N(1)  1.378(4)  N(1)-C(2)-C(4) 141.7(3) 
C(2)-C(4)  1.462(4)  C(2)-C(3)-N(2) 107.9(3) 
C(3)-N(2)  1.374(4)  C(2)-C(3)-C(13) 110.1(3) 
C(3)-C(13)  1.471(4)  N(2)-C(3)-C(13) 142.0(3) 
C(4)-C(5)  1.364(4)  C(5)-C(4)-C(9) 119.1(3) 
C(4)-C(9)  1.422(4)  C(5)-C(4)-C(2) 138.2(3) 
C(5)-C(6)  1.429(5)  C(9)-C(4)-C(2) 102.7(2) 
C(6)-C(7)  1.362(5)  C(4)-C(5)-C(6) 118.3(3) 
C(7)-C(8)  1.424(4)  C(7)-C(6)-C(5) 122.5(3) 
C(8)-C(9)  1.394(4)  C(6)-C(7)-C(8) 120.5(3) 
C(8)-C(10)  1.420(4)  C(9)-C(8)-C(10) 116.3(3) 
C(9)-C(13)  1.424(4)  C(9)-C(8)-C(7) 116.2(3) 
C(10)-C(11)  1.365(4)  C(10)-C(8)-C(7) 127.5(3) 
C(11)-C(12)  1.412(5)  C(8)-C(9)-C(4) 123.4(3) 
C(12)-C(13)  1.365(4)  C(8)-C(9)-C(13) 123.0(3) 
C(14)-C(19)  1.391(4)  C(4)-C(9)-C(13) 113.6(3) 
C(14)-C(15)  1.398(4)  C(11)-C(10)-C(8) 120.5(3) 
C(14)-N(1)  1.462(4)  C(10)-C(11)-C(12) 122.7(3) 
C(15)-C(16)  1.388(4)  C(13)-C(12)-C(11) 118.5(3) 
C(15)-C(20)  1.530(5)  C(12)-C(13)-C(9) 119.0(3) 
C(16)-C(17)  1.386(5)  C(12)-C(13)-C(3) 138.2(3) 
C(17)-C(18)  1.367(5)  C(9)-C(13)-C(3) 102.7(2) 
C(18)-C(19)  1.397(4)  C(19)-C(14)-C(15) 125.0(3) 
C(19)-C(23)  1.508(5)  C(19)-C(14)-N(1) 117.4(3) 
C(20)-C(22)  1.510(5)  C(15)-C(14)-N(1) 117.6(3) 
C(20)-C(21)  1.516(5)  C(16)-C(15)-C(14) 116.0(3) 
C(23)-C(25)  1.525(5)  C(16)-C(15)-C(20) 121.0(3) 
C(23)-C(24)  1.533(5)  C(14)-C(15)-C(20) 122.9(3) 
C(26)-C(31)  1.383(5)  C(17)-C(16)-C(15) 121.2(3) 
C(26)-C(27)  1.396(5)  C(18)-C(17)-C(16) 120.3(3) 
C(26)-N(2)  1.468(4)  C(17)-C(18)-C(19) 122.0(3) 
C(27)-C(28)  1.387(5)  C(14)-C(19)-C(18) 115.5(3) 
C(27)-C(32)  1.512(5)  C(14)-C(19)-C(23) 122.8(3) 
C(28)-C(29)  1.358(5)  C(18)-C(19)-C(23) 121.6(3) 
C(29)-C(30)  1.379(5)  C(22)-C(20)-C(21) 111.0(4) 
C(30)-C(31)  1.394(5)  C(22)-C(20)-C(15) 110.6(3) 
C(31)-C(35)  1.515(5)  C(21)-C(20)-C(15) 112.8(3) 
C(32)-C(34)  1.504(6)  C(19)-C(23)-C(25) 110.4(3) 
C(32)-C(33)  1.550(6)  C(19)-C(23)-C(24) 112.7(3) 
C(35)-C(37)  1.515(5)  C(25)-C(23)-C(24) 111.7(3) 
C(35)-C(36)  1.527(5)  C(31)-C(26)-C(27) 124.6(3) 
   C(31)-C(26)-N(2) 118.0(3) 
   C(27)-C(26)-N(2) 117.4(3) 
   C(28)-C(27)-C(26) 115.9(3) 
   C(28)-C(27)-C(32) 120.8(3) 
   C(26)-C(27)-C(32) 123.3(3) 
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Table 2-ix continued 
   C(29)-C(28)-C(27) 121.7(4) 
   C(28)-C(29)-C(30) 120.5(3) 
   C(29)-C(30)-C(31) 121.2(4) 
   C(26)-C(31)-C(30) 115.9(3) 
   C(26)-C(31)-C(35) 123.5(3) 
   C(30)-C(31)-C(35) 120.5(3) 
   C(34)-C(32)-C(27) 112.2(3) 
   C(34)-C(32)-C(33) 112.0(4) 
   C(27)-C(32)-C(33) 110.3(3) 
   C(37)-C(35)-C(31) 111.0(3) 
   C(37)-C(35)-C(36) 110.8(3) 
   C(31)-C(35)-C(36) 112.3(3) 
   C(1)-N(1)-C(2) 107.6(2) 
   C(1)-N(1)-C(14) 125.6(2) 
   C(2)-N(1)-C(14) 126.9(2) 
   C(1)-N(2)-C(3) 107.7(2) 
   C(1)-N(2)-C(26) 125.4(2) 
   C(3)-N(2)-C(26) 126.8(2) 
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Table 2-x: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)CuCl (2-2) 
Cl(1)-Cu(1)  2.1120(19)  C(1)-Cu(1)-Cl(1) 178.1(5) 
Cu(1)-C(1)  1.889(3)  N(1)-C(1)-N(1)#1 105.7(3) 
C(1)-N(1)  1.367(3)  N(1)-C(1)-Cu(1) 128.6(4) 
C(1)-N(1)#1  1.367(3)  N(1)#1-C(1)-Cu(1) 125.4(4) 
C(1)-Cu(1)#1  1.889(3)  N(1)-C(1)-Cu(1)#1 125.4(4) 
C(2)-C(2)#1  1.367(5)  N(1)#1-C(1)-Cu(1)#1 128.6(4) 
C(2)-N(1)  1.381(3)  Cu(1)-C(1)-Cu(1)#1 11.0(4) 
C(2)-C(3)  1.457(3)  C(2)#1-C(2)-N(1) 107.09(12) 
C(3)-C(4)  1.377(4)  C(2)#1-C(2)-C(3) 110.50(14) 
C(3)-C(8)  1.434(3)  N(1)-C(2)-C(3) 142.4(2) 
C(4)-C(5)  1.421(4)  C(4)-C(3)-C(8) 118.7(2) 
C(5)-C(6)  1.377(5)  C(4)-C(3)-C(2) 138.2(3) 
C(6)-C(7)  1.422(4)  C(8)-C(3)-C(2) 103.2(2) 
C(7)-C(8)  1.392(5)  C(3)-C(4)-C(5) 118.1(3) 
C(7)-C(6)#1  1.422(4)  C(6)-C(5)-C(4) 123.0(3) 
C(8)-C(3)#1  1.434(3)  C(5)-C(6)-C(7) 120.2(3) 
C(9)-C(10)  1.403(4)  C(8)-C(7)-C(6) 116.40(19) 
C(9)-C(14)  1.405(4)  C(8)-C(7)-C(6)#1 116.40(19) 
C(9)-N(1)  1.443(3)  C(6)-C(7)-C(6)#1 127.2(4) 
C(10)-C(11)  1.399(4)  C(7)-C(8)-C(3)#1 123.65(15) 
C(10)-C(15)  1.520(4)  C(7)-C(8)-C(3) 123.65(15) 
C(11)-C(12)  1.376(5)  C(3)#1-C(8)-C(3) 112.7(3) 
C(12)-C(13)  1.375(5)  C(10)-C(9)-C(14) 123.4(2) 
C(13)-C(14)  1.398(4)  C(10)-C(9)-N(1) 117.8(2) 
C(14)-C(18)  1.511(4)  C(14)-C(9)-N(1) 118.8(2) 
C(15)-C(16)  1.528(4)  C(11)-C(10)-C(9) 116.7(3) 
C(15)-C(17)  1.536(5)  C(11)-C(10)-C(15) 121.0(3) 
C(18)-C(19)  1.531(6)  C(9)-C(10)-C(15) 122.2(2) 
C(18)-C(20)  1.542(7)  C(12)-C(11)-C(10) 121.3(3) 
C(21)-C(22)  1.349(8)  C(13)-C(12)-C(11) 120.6(3) 
C(21)-O(1)  1.405(7)  C(12)-C(13)-C(14) 121.5(3) 
C(22)-C(23)  1.482(9)  C(13)-C(14)-C(9) 116.5(3) 
C(23)-C(24)  1.519(8)  C(13)-C(14)-C(18) 121.1(3) 
C(24)-O(1)  1.430(6)  C(9)-C(14)-C(18) 122.5(2) 
   C(10)-C(15)-C(16) 111.5(3) 
   C(10)-C(15)-C(17) 111.3(2) 
   C(16)-C(15)-C(17) 111.1(3) 
   C(14)-C(18)-C(19) 112.1(4) 
   C(14)-C(18)-C(20) 110.0(3) 
   C(19)-C(18)-C(20) 112.0(4) 
   C(1)-N(1)-C(2) 110.1(2) 
   C(1)-N(1)-C(9) 125.2(2) 
   C(2)-N(1)-C(9) 124.5(2) 
   C(22)-C(21)-O(1) 111.5(5) 
   C(21)-C(22)-C(23) 107.7(6) 
   C(22)-C(23)-C(24) 101.2(5) 
   O(1)-C(24)-C(23) 103.9(5) 
   C(21)-O(1)-C(24) 106.1(4) 
Symmetry transformations used to generate equivalent atoms: -x+3/2, y, -z 
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Table 2-xi: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)AgCl (2-3) 
C(1)-N(1)  1.363(4)  N(1)-C(1)-N(2) 105.5(2) 
C(1)-N(2)  1.376(3)  N(1)-C(1)-Ag(1) 124.65(19) 
C(1)-Ag(1)  2.066(3)  N(2)-C(1)-Ag(1) 129.7(2) 
C(1A)-N(2A)  1.370(4)  N(2A)-C(1A)-N(1A) 105.1(2) 
C(1A)-N(1A)  1.372(4)  N(2A)-C(1A)-Ag(1A) 127.6(2) 
C(1A)-Ag(1A)  2.067(3)  N(1A)-C(1A)-Ag(1A) 126.7(2) 
C(2)-C(3)  1.349(4)  C(3)-C(2)-N(1) 107.4(2) 
C(2)-N(1)  1.377(3)  C(3)-C(2)-C(4) 110.8(2) 
C(2)-C(4)  1.459(4)  N(1)-C(2)-C(4) 141.7(3) 
C(2A)-C(3A)  1.365(4)  C(3A)-C(2A)-N(1A) 107.2(2) 
C(2A)-N(1A)  1.384(4)  C(3A)-C(2A)-C(4A) 109.0(3) 
C(2A)-C(4A)  1.463(4)  N(1A)-C(2A)-C(4A) 143.6(3) 
C(3)-N(2)  1.383(3)  C(2)-C(3)-N(2) 107.7(2) 
C(3)-C(13)  1.466(4)  C(2)-C(3)-C(13) 110.2(2) 
C(3A)-N(2A)  1.378(3)  N(2)-C(3)-C(13) 142.2(3) 
C(3A)-C(13A)  1.461(4)  C(2A)-C(3A)-N(2A) 107.0(3) 
C(4)-C(5)  1.365(4)  C(2A)-C(3A)-C(13A) 111.8(3) 
C(4)-C(9)  1.431(4)  N(2A)-C(3A)-C(13A) 141.0(3) 
C(4A)-C(5A)  1.370(4)  C(5)-C(4)-C(9) 118.9(3) 
C(4A)-C(9A)  1.417(5)  C(5)-C(4)-C(2) 138.3(3) 
C(5)-C(6)  1.415(4)  C(9)-C(4)-C(2) 102.8(2) 
C(5A)-C(6A)  1.433(5)  C(5A)-C(4A)-C(9A) 118.2(3) 
C(6)-C(7)  1.368(4)  C(5A)-C(4A)-C(2A) 138.0(4) 
C(6A)-C(7A)  1.350(6)  C(9A)-C(4A)-C(2A) 103.8(3) 
C(7)-C(8)  1.414(4)  C(4)-C(5)-C(6) 118.5(3) 
C(7A)-C(8A)  1.428(6)  C(4A)-C(5A)-C(6A) 117.5(4) 
C(8)-C(9)  1.394(4)  C(7)-C(6)-C(5) 122.5(3) 
C(8)-C(10)  1.425(4)  C(7A)-C(6A)-C(5A) 123.5(4) 
C(8A)-C(9A)  1.398(5)  C(6)-C(7)-C(8) 120.8(3) 
C(8A)-C(10A)  1.409(6)  C(6A)-C(7A)-C(8A) 120.8(4) 
C(9)-C(13)  1.417(4)  C(9)-C(8)-C(7) 116.3(3) 
C(9A)-C(13A)  1.435(5)  C(9)-C(8)-C(10) 115.7(3) 
C(10)-C(11)  1.358(5)  C(7)-C(8)-C(10) 128.0(3) 
C(10A)-C(11A)  1.358(5)  C(9A)-C(8A)-C(10A) 117.3(3) 
C(11)-C(12)  1.422(4)  C(9A)-C(8A)-C(7A) 114.6(4) 
C(11A)-C(12A)  1.425(4)  C(10A)-C(8A)-C(7A) 128.1(4) 
C(12)-C(13)  1.366(4)  C(8)-C(9)-C(13) 124.1(3) 
C(12A)-C(13A)  1.355(5)  C(8)-C(9)-C(4) 123.0(3) 
C(14)-C(19)  1.393(4)  C(13)-C(9)-C(4) 112.9(2) 
C(14)-C(15)  1.396(4)  C(8A)-C(9A)-C(4A) 125.3(3) 
C(14)-N(1)  1.444(4)  C(8A)-C(9A)-C(13A) 121.2(4) 
C(14A)-C(15A)  1.398(4)  C(4A)-C(9A)-C(13A) 113.5(3) 
C(14A)-C(19A)  1.405(4)  C(11)-C(10)-C(8) 120.3(3) 
C(14A)-N(1A)  1.449(4)  C(11A)-C(10A)-C(8A) 120.8(3) 
C(15)-C(16)  1.390(4)  C(10)-C(11)-C(12) 123.2(3) 
C(15)-C(20)  1.516(4)  C(10A)-C(11A)-C(12A) 122.4(4) 
C(15A)-C(16A)  1.376(5)  C(13)-C(12)-C(11) 117.9(3) 
C(15A)-C(20A)  1.522(4)  C(13A)-C(12A)-C(11A) 117.9(3) 
C(16)-C(17)  1.380(5)  C(12)-C(13)-C(9) 118.8(3) 
C(16A)-C(17A)  1.380(5)  C(12)-C(13)-C(3) 137.9(3) 
C(17)-C(18)  1.368(5)  C(9)-C(13)-C(3) 103.3(2) 
C(17A)-C(18A)  1.375(5)  C(12A)-C(13A)-C(9A) 120.3(3) 
C(18)-C(19)  1.400(4)  C(12A)-C(13A)-C(3A) 137.8(3) 
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Table 2-xi continued 
C(18A)-C(19A)  1.382(5)  C(9A)-C(13A)-C(3A) 101.8(3) 
C(19)-C(23)  1.512(5)  C(19)-C(14)-C(15) 124.3(3) 
C(19A)-C(23A)  1.522(5)  C(19)-C(14)-N(1) 118.2(3) 
C(20)-C(22)  1.509(5)  C(15)-C(14)-N(1) 117.5(3) 
C(20)-C(21)  1.515(5)  C(15A)-C(14A)-C(19A) 122.5(3) 
C(20A)-C(22A)  1.517(5)  C(15A)-C(14A)-N(1A) 119.0(3) 
C(20A)-C(21A)  1.517(4)  C(19A)-C(14A)-N(1A) 118.4(3) 
C(23)-C(24)  1.522(5)  C(16)-C(15)-C(14) 116.3(3) 
C(23)-C(25)  1.524(5)  C(16)-C(15)-C(20) 121.0(3) 
C(23A)-C(24A)  1.510(5)  C(14)-C(15)-C(20) 122.7(3) 
C(23A)-C(25A)  1.526(5)  C(16A)-C(15A)-C(14A) 117.7(3) 
C(26)-C(31)  1.396(4)  C(16A)-C(15A)-C(20A) 119.6(3) 
C(26)-C(27)  1.401(4)  C(14A)-C(15A)-C(20A) 122.7(3) 
C(26)-N(2)  1.436(4)  C(17)-C(16)-C(15) 121.2(3) 
C(26A)-C(27A)  1.387(4)  C(15A)-C(16A)-C(17A) 121.1(3) 
C(26A)-C(31A)  1.399(4)  C(18)-C(17)-C(16) 120.7(3) 
C(26A)-N(2A)  1.452(4)  C(18A)-C(17A)-C(16A) 120.3(3) 
C(27)-C(28)  1.393(5)  C(17)-C(18)-C(19) 121.2(3) 
C(27)-C(32)  1.507(5)  C(17A)-C(18A)-C(19A) 121.5(3) 
C(27A)-C(28A)  1.400(5)  C(14)-C(19)-C(18) 116.2(3) 
C(27A)-C(32A)  1.518(5)  C(14)-C(19)-C(23) 123.1(3) 
C(28)-C(29)  1.368(5)  C(18)-C(19)-C(23) 120.7(3) 
C(28A)-C(29A)  1.387(5)  C(18A)-C(19A)-C(14A) 116.9(3) 
C(29)-C(30)  1.381(5)  C(18A)-C(19A)-C(23A) 120.3(3) 
C(29A)-C(30A)  1.363(5)  C(14A)-C(19A)-C(23A) 122.8(3) 
C(30)-C(31)  1.390(4)  C(22)-C(20)-C(21) 110.4(3) 
C(30A)-C(31A)  1.385(5)  C(22)-C(20)-C(15) 110.7(3) 
C(31)-C(35)  1.512(4)  C(21)-C(20)-C(15) 112.9(3) 
C(31A)-C(35A)  1.509(5)  C(22A)-C(20A)-C(21A) 109.6(3) 
C(32)-C(33)  1.521(5)  C(22A)-C(20A)-C(15A) 110.9(3) 
C(32)-C(34)  1.522(6)  C(21A)-C(20A)-C(15A) 111.2(3) 
C(32A)-C(33A)  1.519(5)  C(19)-C(23)-C(24) 111.3(3) 
C(32A)-C(34A)  1.532(5)  C(19)-C(23)-C(25) 112.9(3) 
C(35)-C(36)  1.524(4)  C(24)-C(23)-C(25) 110.2(3) 
C(35)-C(37)  1.538(4)  C(24A)-C(23A)-C(19A) 111.6(3) 
C(35A)-C(37A)  1.526(5)  C(24A)-C(23A)-C(25A) 110.3(3) 
C(35A)-C(36A)  1.534(5)  C(19A)-C(23A)-C(25A) 112.0(3) 
Cl(1)-Ag(1)  2.3099(10)  C(31)-C(26)-C(27) 123.2(3) 
Cl(1A)-Ag(1A)  2.3178(10)  C(31)-C(26)-N(2) 118.7(3) 
   C(27)-C(26)-N(2) 117.9(3) 
   C(27A)-C(26A)-C(31A) 124.1(3) 
   C(27A)-C(26A)-N(2A) 118.9(3) 
   C(31A)-C(26A)-N(2A) 116.8(3) 
   C(28)-C(27)-C(26) 116.7(3) 
   C(28)-C(27)-C(32) 120.9(3) 
   C(26)-C(27)-C(32) 122.4(3) 
   C(26A)-C(27A)-C(28A) 116.3(3) 
   C(26A)-C(27A)-C(32A) 122.7(3) 
   C(28A)-C(27A)-C(32A) 120.9(3) 
   C(29)-C(28)-C(27) 121.3(3) 
   C(29A)-C(28A)-C(27A) 120.5(4) 
   C(28)-C(29)-C(30) 120.8(3) 
   C(30A)-C(29A)-C(28A) 121.2(3) 
   C(29)-C(30)-C(31) 120.8(3) 
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Table 2-xi continued 
   C(29A)-C(30A)-C(31A) 121.0(3) 
   C(30)-C(31)-C(26) 117.1(3) 
   C(30)-C(31)-C(35) 120.9(3) 
   C(26)-C(31)-C(35) 122.0(3) 
   C(30A)-C(31A)-C(26A) 116.9(3) 
   C(30A)-C(31A)-C(35A) 119.9(3) 
   C(26A)-C(31A)-C(35A) 123.2(3) 
   C(27)-C(32)-C(33) 110.8(3) 
   C(27)-C(32)-C(34) 112.4(3) 
   C(33)-C(32)-C(34) 111.3(4) 
   C(27A)-C(32A)-C(33A) 110.7(3) 
   C(27A)-C(32A)-C(34A) 113.3(3) 
   C(33A)-C(32A)-C(34A) 109.3(3) 
   C(31)-C(35)-C(36) 111.0(3) 
   C(31)-C(35)-C(37) 113.1(3) 
   C(36)-C(35)-C(37) 109.2(3) 
   C(31A)-C(35A)-C(37A) 111.4(3) 
   C(31A)-C(35A)-C(36A) 112.2(3) 
   C(37A)-C(35A)-C(36A) 110.4(3) 
   C(1)-N(1)-C(2) 110.2(2) 
   C(1)-N(1)-C(14) 124.8(2) 
   C(2)-N(1)-C(14) 124.7(2) 
   C(1A)-N(1A)-C(2A) 110.1(3) 
   C(1A)-N(1A)-C(14A) 124.5(2) 
   C(2A)-N(1A)-C(14A) 124.8(2) 
   C(1)-N(2)-C(3) 109.3(2) 
   C(1)-N(2)-C(26) 126.3(2) 
   C(3)-N(2)-C(26) 124.4(2) 
   C(1A)-N(2A)-C(3A) 110.6(2) 
   C(1A)-N(2A)-C(26A) 127.7(2) 
   C(3A)-N(2A)-C(26A) 121.3(3) 
   C(1)-Ag(1)-Cl(1) 176.24(8) 
   C(1A)-Ag(1A)-Cl(1A) 175.43(9) 
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Table 2-xii: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)AuCl (2-4) 
C(1)-C(12) 1.359(4)  C(12)-C(1)-N(1) 106.8(2) 
C(1)-N(1) 1.380(3)  C(12)-C(1)-C(2) 110.4(2) 
C(1)-C(2) 1.460(4)  N(1)-C(1)-C(2) 142.8(2) 
C(2)-C(3) 1.363(4)  C(3)-C(2)-C(7) 118.9(3) 
C(2)-C(7) 1.420(4)  C(3)-C(2)-C(1) 137.8(3) 
C(3)-C(4) 1.423(4)  C(7)-C(2)-C(1) 103.2(2) 
C(4)-C(5) 1.372(5)  C(2)-C(3)-C(4) 118.1(3) 
C(5)-C(6) 1.415(4)  C(5)-C(4)-C(3) 122.8(3) 
C(6)-C(7) 1.391(4)  C(4)-C(5)-C(6) 120.2(3) 
C(6)-C(8) 1.417(4)  C(7)-C(6)-C(5) 116.2(3) 
C(7)-C(11) 1.419(4)  C(7)-C(6)-C(8) 116.7(3) 
C(8)-C(9) 1.367(5)  C(5)-C(6)-C(8) 127.1(3) 
C(9)-C(10) 1.423(4)  C(6)-C(7)-C(2) 123.8(3) 
C(10)-C(11) 1.367(4)  C(6)-C(7)-C(11) 123.3(3) 
C(11)-C(12) 1.461(4)  C(2)-C(7)-C(11) 112.9(2) 
C(12)-N(2) 1.375(3)  C(9)-C(8)-C(6) 120.1(3) 
C(13)-C(14) 1.398(4)  C(8)-C(9)-C(10) 122.8(3) 
C(13)-C(18) 1.418(4)  C(11)-C(10)-C(9) 118.0(3) 
C(13)-N(1) 1.442(3)  C(10)-C(11)-C(7) 119.1(3) 
C(14)-C(15) 1.390(4)  C(10)-C(11)-C(12) 137.5(3) 
C(14)-C(19) 1.537(4)  C(7)-C(11)-C(12) 103.4(2) 
C(15)-C(16) 1.405(5)  C(1)-C(12)-N(2) 107.3(2) 
C(16)-C(17) 1.388(4)  C(1)-C(12)-C(11) 110.0(2) 
C(17)-C(18) 1.380(4)  N(2)-C(12)-C(11) 142.7(2) 
C(18)-C(22) 1.520(4)  C(14)-C(13)-C(18) 124.6(3) 
C(19)-C(21) 1.523(4)  C(14)-C(13)-N(1) 115.8(2) 
C(19)-C(20) 1.528(4)  C(18)-C(13)-N(1) 119.5(2) 
C(22)-C(23) 1.529(4)  C(15)-C(14)-C(13) 115.7(3) 
C(22)-C(24) 1.538(4)  C(15)-C(14)-C(19) 120.8(3) 
C(25)-C(30) 1.396(4)  C(13)-C(14)-C(19) 123.5(2) 
C(25)-C(26) 1.413(4)  C(14)-C(15)-C(16) 121.3(3) 
C(25)-N(2) 1.442(3)  C(17)-C(16)-C(15) 121.0(3) 
C(26)-C(27) 1.385(4)  C(18)-C(17)-C(16) 120.3(3) 
C(26)-C(31) 1.516(4)  C(17)-C(18)-C(13) 117.1(3) 
C(27)-C(28) 1.379(4)  C(17)-C(18)-C(22) 119.6(3) 
C(28)-C(29) 1.403(4)  C(13)-C(18)-C(22) 123.3(2) 
C(29)-C(30) 1.390(4)  C(21)-C(19)-C(20) 110.9(3) 
C(30)-C(34) 1.540(4)  C(21)-C(19)-C(14) 112.3(3) 
C(31)-C(33) 1.539(5)  C(20)-C(19)-C(14) 111.7(2) 
C(31)-C(32) 1.543(5)  C(18)-C(22)-C(23) 111.3(3) 
C(34)-C(36) 1.524(4)  C(18)-C(22)-C(24) 112.2(3) 
C(34)-C(35) 1.536(4)  C(23)-C(22)-C(24) 110.0(3) 
C(37)-N(1) 1.355(3)  C(30)-C(25)-C(26) 124.5(3) 
C(37)-N(2) 1.363(3)  C(30)-C(25)-N(2) 116.7(2) 
C(37)-Au(1) 1.975(3)  C(26)-C(25)-N(2) 118.7(2) 
Cl(1)-Au(1) 2.2770(9)  C(27)-C(26)-C(25) 117.3(3) 
   C(27)-C(26)-C(31) 119.2(3) 
   C(25)-C(26)-C(31) 123.4(2) 
   C(28)-C(27)-C(26) 120.0(3) 
   C(27)-C(28)-C(29) 121.3(3) 
   C(30)-C(29)-C(28) 121.2(3) 
   C(29)-C(30)-C(25) 115.7(3) 
   C(29)-C(30)-C(34) 121.2(3) 
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Table 2-xii continued 
   C(25)-C(30)-C(34) 123.0(2) 
   C(26)-C(31)-C(33) 113.4(3) 
   C(26)-C(31)-C(32) 109.9(3) 
   C(33)-C(31)-C(32) 110.0(3) 
   C(36)-C(34)-C(35) 110.6(3) 
   C(36)-C(34)-C(30) 111.6(2) 
   C(35)-C(34)-C(30) 111.8(2) 
   N(1)-C(37)-N(2) 105.8(2) 
   N(1)-C(37)-Au(1) 127.01(19) 
   N(2)-C(37)-Au(1) 127.15(19) 
   C(37)-N(1)-C(1) 110.2(2) 
   C(37)-N(1)-C(13) 124.1(2) 
   C(1)-N(1)-C(13) 125.2(2) 
   C(37)-N(2)-C(12) 109.9(2) 
   C(37)-N(2)-C(25) 126.6(2) 
   C(12)-N(2)-C(25) 123.5(2) 
   C(37)-Au(1)-Cl(1) 178.38(9) 
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Table 2-xiii: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN) AgOAc (2-
5) 
C(1)-N(2)  1.345(9)  N(2)-C(1)-N(1) 105.3(6) 
C(1)-N(1)  1.395(9)  N(2)-C(1)-Ag(1) 132.0(5) 
C(1)-Ag(1)  2.063(7)  N(1)-C(1)-Ag(1) 122.7(5) 
C(2)-C(3)  1.346(10)  C(3)-C(2)-N(1) 107.0(6) 
C(2)-N(1)  1.386(9)  C(3)-C(2)-C(4) 111.3(6) 
C(2)-C(4)  1.457(10)  N(1)-C(2)-C(4) 141.7(7) 
C(3)-N(2)  1.382(9)  C(2)-C(3)-N(2) 108.0(6) 
C(3)-C(13)  1.474(9)  C(2)-C(3)-C(13) 109.7(6) 
C(4)-C(5)  1.379(10)  N(2)-C(3)-C(13) 142.2(7) 
C(4)-C(9)  1.415(10)  C(5)-C(4)-C(9) 118.5(6) 
C(5)-C(6)  1.424(9)  C(5)-C(4)-C(2) 138.2(7) 
C(6)-C(7)  1.372(10)  C(9)-C(4)-C(2) 103.3(6) 
C(7)-C(8)  1.420(10)  C(4)-C(5)-C(6) 118.1(7) 
C(8)-C(9)  1.395(10)  C(7)-C(6)-C(5) 122.5(7) 
C(8)-C(10)  1.403(10)  C(6)-C(7)-C(8) 120.8(7) 
C(9)-C(13)  1.436(10)  C(9)-C(8)-C(10) 117.2(7) 
C(10)-C(11)  1.379(11)  C(9)-C(8)-C(7) 115.5(7) 
C(11)-C(12)  1.431(10)  C(10)-C(8)-C(7) 127.3(7) 
C(12)-C(13)  1.378(10)  C(8)-C(9)-C(4) 124.5(7) 
C(14)-C(15)  1.393(10)  C(8)-C(9)-C(13) 122.7(7) 
C(14)-C(19)  1.410(11)  C(4)-C(9)-C(13) 112.8(6) 
C(14)-N(1)  1.448(9)  C(11)-C(10)-C(8) 120.6(7) 
C(15)-C(16)  1.381(10)  C(10)-C(11)-C(12) 122.6(7) 
C(15)-C(20)  1.496(11)  C(13)-C(12)-C(11) 117.6(7) 
C(16)-C(17)  1.386(12)  C(12)-C(13)-C(9) 119.3(7) 
C(17)-C(18)  1.373(12)  C(12)-C(13)-C(3) 137.8(7) 
C(18)-C(19)  1.385(11)  C(9)-C(13)-C(3) 102.9(6) 
C(19)-C(23)  1.542(11)  C(15)-C(14)-C(19) 123.5(7) 
C(20)-C(22)  1.531(12)  C(15)-C(14)-N(1) 119.7(7) 
C(20)-C(21)  1.534(14)  C(19)-C(14)-N(1) 116.6(7) 
C(23)-C(24)  1.495(11)  C(16)-C(15)-C(14) 115.9(8) 
C(23)-C(25)  1.505(12)  C(16)-C(15)-C(20) 122.2(8) 
C(26)-C(31)  1.407(10)  C(14)-C(15)-C(20) 121.9(7) 
C(26)-C(27)  1.421(10)  C(15)-C(16)-C(17) 121.9(8) 
C(26)-N(2)  1.429(9)  C(18)-C(17)-C(16) 121.1(8) 
C(27)-C(28)  1.377(10)  C(17)-C(18)-C(19) 119.8(8) 
C(27)-C(32)  1.516(10)  C(18)-C(19)-C(14) 117.7(8) 
C(28)-C(29)  1.382(11)  C(18)-C(19)-C(23) 119.9(8) 
C(29)-C(30)  1.391(11)  C(14)-C(19)-C(23) 122.4(7) 
C(30)-C(31)  1.369(10)  C(15)-C(20)-C(22) 113.6(8) 
C(31)-C(35)  1.524(11)  C(15)-C(20)-C(21) 110.8(8) 
C(32)-C(34)  1.519(11)  C(22)-C(20)-C(21) 110.7(8) 
C(32)-C(33)  1.534(10)  C(24)-C(23)-C(25) 111.8(9) 
C(35)-C(36)  1.495(13)  C(24)-C(23)-C(19) 112.0(7) 
C(35)-C(37)  1.498(12)  C(25)-C(23)-C(19) 111.9(7) 
C(38)-O(2)  1.237(9)  C(31)-C(26)-C(27) 122.6(7) 
C(38)-O(1)  1.264(9)  C(31)-C(26)-N(2) 118.8(7) 
C(38)-C(39)  1.510(10)  C(27)-C(26)-N(2) 118.7(6) 
C(40)-N(3)  1.364(9)  C(28)-C(27)-C(26) 116.9(7) 
C(40)-N(4)  1.375(8)  C(28)-C(27)-C(32) 121.7(7) 
C(40)-Ag(2)  2.050(7)  C(26)-C(27)-C(32) 121.3(6) 
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Table 2-xiii continued 
C(41)-C(42)  1.346(9)  C(27)-C(28)-C(29) 121.7(8) 
C(41)-N(3)  1.379(8)  C(28)-C(29)-C(30) 119.6(8) 
C(41)-C(43)  1.474(9)  C(31)-C(30)-C(29) 122.1(8) 
C(42)-N(4)  1.397(8)  C(30)-C(31)-C(26) 117.0(7) 
C(42)-C(52)  1.464(9)  C(30)-C(31)-C(35) 121.7(7) 
C(43)-C(44)  1.349(9)  C(26)-C(31)-C(35) 121.3(7) 
C(43)-C(48)  1.455(9)  C(27)-C(32)-C(34) 109.9(6) 
C(44)-C(45)  1.419(10)  C(27)-C(32)-C(33) 111.7(7) 
C(45)-C(46)  1.370(10)  C(34)-C(32)-C(33) 111.1(7) 
C(46)-C(47)  1.391(10)  C(36)-C(35)-C(37) 111.9(8) 
C(47)-C(48)  1.401(9)  C(36)-C(35)-C(31) 111.4(7) 
C(47)-C(49)  1.438(9)  C(37)-C(35)-C(31) 111.5(8) 
C(48)-C(52)  1.425(9)  O(2)-C(38)-O(1) 124.2(8) 
C(49)-C(50)  1.357(10)  O(2)-C(38)-C(39) 119.3(7) 
C(50)-C(51)  1.441(9)  O(1)-C(38)-C(39) 116.5(7) 
C(51)-C(52)  1.372(9)  N(3)-C(40)-N(4) 105.8(6) 
C(53)-C(58)  1.371(9)  N(3)-C(40)-Ag(2) 127.0(5) 
C(53)-C(54)  1.412(10)  N(4)-C(40)-Ag(2) 127.1(5) 
C(53)-N(3)  1.462(8)  C(42)-C(41)-N(3) 108.0(6) 
C(54)-C(55)  1.391(10)  C(42)-C(41)-C(43) 110.6(6) 
C(54)-C(59)  1.510(10)  N(3)-C(41)-C(43) 141.3(6) 
C(55)-C(56)  1.360(10)  C(41)-C(42)-N(4) 107.2(6) 
C(56)-C(57)  1.375(10)  C(41)-C(42)-C(52) 110.9(6) 
C(57)-C(58)  1.391(10)  N(4)-C(42)-C(52) 141.9(6) 
C(58)-C(62)  1.532(10)  C(44)-C(43)-C(48) 117.6(6) 
C(59)-C(60)  1.531(10)  C(44)-C(43)-C(41) 139.8(6) 
C(59)-C(61)  1.539(10)  C(48)-C(43)-C(41) 102.6(6) 
C(62)-C(64)  1.525(10)  C(43)-C(44)-C(45) 120.1(7) 
C(62)-C(63)  1.552(10)  C(46)-C(45)-C(44) 121.5(7) 
C(65)-C(70)  1.395(9)  C(45)-C(46)-C(47) 121.3(7) 
C(65)-C(66)  1.403(9)  C(46)-C(47)-C(48) 116.9(6) 
C(65)-N(4)  1.428(8)  C(46)-C(47)-C(49) 129.4(7) 
C(66)-C(67)  1.392(10)  C(48)-C(47)-C(49) 113.8(7) 
C(66)-C(71)  1.510(10)  C(47)-C(48)-C(52) 125.3(6) 
C(67)-C(68)  1.388(10)  C(47)-C(48)-C(43) 122.6(6) 
C(68)-C(69)  1.362(10)  C(52)-C(48)-C(43) 112.1(6) 
C(69)-C(70)  1.406(10)  C(50)-C(49)-C(47) 121.9(7) 
C(70)-C(74)  1.519(10)  C(49)-C(50)-C(51) 122.8(7) 
C(71)-C(72)  1.514(10)  C(52)-C(51)-C(50) 117.4(7) 
C(71)-C(73)  1.531(11)  C(51)-C(52)-C(48) 118.8(6) 
C(74)-C(76)  1.520(9)  C(51)-C(52)-C(42) 137.5(7) 
C(74)-C(75)  1.534(10)  C(48)-C(52)-C(42) 103.7(6) 
C(77)-O(3)  1.182(12)  C(58)-C(53)-C(54) 123.6(6) 
C(77)-O(4)  1.229(11)  C(58)-C(53)-N(3) 119.1(6) 
C(77)-C(78)  1.507(12)  C(54)-C(53)-N(3) 117.2(6) 
O(1)-Ag(1)  2.128(5)  C(55)-C(54)-C(53) 115.5(7) 
O(3)-Ag(2)  2.203(7)  C(55)-C(54)-C(59) 121.2(7) 
   C(53)-C(54)-C(59) 123.2(6) 
   C(56)-C(55)-C(54) 122.5(7) 
   C(55)-C(56)-C(57) 119.8(7) 
   C(56)-C(57)-C(58) 121.3(7) 
   C(53)-C(58)-C(57) 117.2(7) 
   C(53)-C(58)-C(62) 122.6(6) 
   C(57)-C(58)-C(62) 120.1(7) 
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   C(54)-C(59)-C(60) 113.1(7) 
   C(54)-C(59)-C(61) 112.1(6) 
   C(60)-C(59)-C(61) 108.5(7) 
   C(64)-C(62)-C(58) 112.5(6) 
   C(64)-C(62)-C(63) 112.2(7) 
   C(58)-C(62)-C(63) 110.6(7) 
   C(70)-C(65)-C(66) 123.2(7) 
   C(70)-C(65)-N(4) 119.0(6) 
   C(66)-C(65)-N(4) 117.8(6) 
   C(67)-C(66)-C(65) 117.0(7) 
   C(67)-C(66)-C(71) 120.9(7) 
   C(65)-C(66)-C(71) 122.0(7) 
   C(68)-C(67)-C(66) 121.2(7) 
   C(69)-C(68)-C(67) 120.3(7) 
   C(68)-C(69)-C(70) 121.6(7) 
   C(65)-C(70)-C(69) 116.7(7) 
   C(65)-C(70)-C(74) 122.5(6) 
   C(69)-C(70)-C(74) 120.8(6) 
   C(66)-C(71)-C(72) 113.2(6) 
   C(66)-C(71)-C(73) 111.2(6) 
   C(72)-C(71)-C(73) 111.9(7) 
   C(70)-C(74)-C(76) 113.2(6) 
   C(70)-C(74)-C(75) 110.3(6) 
   C(76)-C(74)-C(75) 111.8(6) 
   O(3)-C(77)-C(78) 116.9(9) 
   O(4)-C(77)-C(78) 118.8(11) 
   C(2)-N(1)-C(1) 109.2(6) 
   C(2)-N(1)-C(14) 125.8(6) 
   C(1)-N(1)-C(14) 124.6(6) 
   C(1)-N(2)-C(3) 110.4(6) 
   C(1)-N(2)-C(26) 124.5(6) 
   C(3)-N(2)-C(26) 125.1(6) 
   C(40)-N(3)-C(41) 109.9(6) 
   C(40)-N(3)-C(53) 122.7(6) 
   C(41)-N(3)-C(53) 127.4(6) 
   C(40)-N(4)-C(42) 109.1(6) 
   C(40)-N(4)-C(65) 124.4(6) 
   C(42)-N(4)-C(65) 126.3(6) 
   C(38)-O(1)-Ag(1) 107.4(5) 
   C(77)-O(3)-Ag(2) 105.3(7) 
   C(1)-Ag(1)-O(1) 174.7(2) 
   C(40)-Ag(2)-O(3) 156.1(3) 
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Table 2-xiv: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)AuOAc (2-
6) 
C(1)-N(1)  1.357(5)  N(1)-C(1)-N(2) 105.6(3) 
C(1)-N(2)  1.365(5)  N(1)-C(1)-Au(1) 129.5(3) 
C(1)-Au(1)  1.949(4)  N(2)-C(1)-Au(1) 124.9(3) 
C(2)-C(3)  1.352(6)  C(3)-C(2)-N(1) 107.8(4) 
C(2)-N(1)  1.360(5)  C(3)-C(2)-C(4) 110.8(4) 
C(2)-C(4)  1.457(6)  N(1)-C(2)-C(4) 141.4(4) 
C(3)-N(2)  1.377(5)  C(2)-C(3)-N(2) 106.9(3) 
C(3)-C(13)  1.461(6)  C(2)-C(3)-C(13) 109.9(4) 
C(4)-C(5)  1.360(6)  N(2)-C(3)-C(13) 143.2(4) 
C(4)-C(9)  1.401(6)  C(5)-C(4)-C(9) 120.2(4) 
C(5)-C(6)  1.412(6)  C(5)-C(4)-C(2) 137.3(4) 
C(6)-C(7)  1.350(7)  C(9)-C(4)-C(2) 102.5(4) 
C(7)-C(8)  1.415(7)  C(4)-C(5)-C(6) 117.6(4) 
C(8)-C(9)  1.385(6)  C(7)-C(6)-C(5) 122.8(5) 
C(8)-C(10)  1.413(7)  C(6)-C(7)-C(8) 120.4(4) 
C(9)-C(13)  1.414(6)  C(9)-C(8)-C(10) 116.7(4) 
C(10)-C(11)  1.372(8)  C(9)-C(8)-C(7) 116.6(4) 
C(11)-C(12)  1.416(7)  C(10)-C(8)-C(7) 126.7(5) 
C(12)-C(13)  1.352(6)  C(8)-C(9)-C(4) 122.5(4) 
C(14)-C(15)  1.372(7)  C(8)-C(9)-C(13) 123.0(4) 
C(14)-C(19)  1.393(6)  C(4)-C(9)-C(13) 114.4(4) 
C(14)-N(1)  1.438(5)  C(11)-C(10)-C(8) 119.7(4) 
C(15)-C(16)  1.398(7)  C(10)-C(11)-C(12) 122.9(5) 
C(15)-C(20)  1.513(7)  C(13)-C(12)-C(11) 117.8(5) 
C(16)-C(17)  1.373(9)  C(12)-C(13)-C(9) 119.9(4) 
C(17)-C(18)  1.346(9)  C(12)-C(13)-C(3) 137.7(4) 
C(18)-C(19)  1.395(7)  C(9)-C(13)-C(3) 102.4(4) 
C(19)-C(23)  1.520(8)  C(15)-C(14)-C(19) 123.7(4) 
C(20)-C(21)  1.506(8)  C(15)-C(14)-N(1) 118.3(4) 
C(20)-C(22)  1.516(9)  C(19)-C(14)-N(1) 117.4(4) 
C(23)-C(25)  1.518(8)  C(14)-C(15)-C(16) 117.2(5) 
C(23)-C(24)  1.520(8)  C(14)-C(15)-C(20) 122.2(4) 
C(26)-C(31)  1.392(6)  C(16)-C(15)-C(20) 120.6(5) 
C(26)-C(27)  1.394(6)  C(17)-C(16)-C(15) 119.9(6) 
C(26)-N(2)  1.432(5)  C(18)-C(17)-C(16) 121.8(5) 
C(27)-C(28)  1.387(6)  C(17)-C(18)-C(19) 120.8(5) 
C(27)-C(32)  1.505(7)  C(14)-C(19)-C(18) 116.5(5) 
C(28)-C(29)  1.368(8)  C(14)-C(19)-C(23) 122.7(4) 
C(29)-C(30)  1.373(8)  C(18)-C(19)-C(23) 120.8(5) 
C(30)-C(31)  1.390(6)  C(21)-C(20)-C(15) 111.8(5) 
C(31)-C(35)  1.507(7)  C(21)-C(20)-C(22) 111.7(5) 
C(32)-C(34)  1.492(8)  C(15)-C(20)-C(22) 110.4(5) 
C(32)-C(33)  1.521(7)  C(25)-C(23)-C(24) 110.9(5) 
C(35)-C(37)  1.514(7)  C(25)-C(23)-C(19) 110.8(5) 
C(35)-C(36)  1.521(7)  C(24)-C(23)-C(19) 112.3(6) 
C(38)-O(2)  1.236(6)  C(31)-C(26)-C(27) 123.4(4) 
C(38)-O(1)  1.239(6)  C(31)-C(26)-N(2) 117.8(4) 
C(38)-C(39)  1.494(7)  C(27)-C(26)-N(2) 118.8(4) 
O(1)-Au(1)  2.023(3)  C(28)-C(27)-C(26) 116.8(4) 
   C(28)-C(27)-C(32) 120.7(4) 
   C(26)-C(27)-C(32) 122.5(4) 
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   C(29)-C(28)-C(27) 121.2(5) 
   C(28)-C(29)-C(30) 120.9(5) 
   C(29)-C(30)-C(31) 120.7(5) 
   C(30)-C(31)-C(26) 117.0(4) 
   C(30)-C(31)-C(35) 120.2(4) 
   C(26)-C(31)-C(35) 122.7(4) 
   C(34)-C(32)-C(27) 111.7(5) 
   C(34)-C(32)-C(33) 110.6(5) 
   C(27)-C(32)-C(33) 111.2(4) 
   C(31)-C(35)-C(37) 110.9(4) 
   C(31)-C(35)-C(36) 112.7(4) 
   C(37)-C(35)-C(36) 111.1(4) 
   O(2)-C(38)-O(1) 125.2(5) 
   O(2)-C(38)-C(39) 118.3(5) 
   O(1)-C(38)-C(39) 116.4(5) 
   C(1)-N(1)-C(2) 110.1(3) 
   C(1)-N(1)-C(14) 127.2(3) 
   C(2)-N(1)-C(14) 122.6(3) 
   C(1)-N(2)-C(3) 109.6(3) 
   C(1)-N(2)-C(26) 123.5(3) 
   C(3)-N(2)-C(26) 126.9(3) 
   C(38)-O(1)-Au(1) 118.1(3) 
   C(1)-Au(1)-O(1) 177.62(14) 
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Table 2-xv: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)Ir(COD)Cl 
(2-7) 
C(1)-N(2)  1.382(7)  N(2)-C(1)-N(1) 104.9(5) 
C(1)-N(1)  1.392(6)  N(2)-C(1)-Ir(1) 123.1(4) 
C(2)-C(3)  1.359(7)  N(1)-C(1)-Ir(1) 129.8(4) 
C(2)-N(1)  1.389(7)  C(3)-C(2)-N(1) 108.2(5) 
C(2)-C(4)  1.476(8)  C(3)-C(2)-C(4) 108.5(5) 
C(3)-N(2)  1.388(7)  N(1)-C(2)-C(4) 143.3(6) 
C(3)-C(13)  1.456(8)  C(2)-C(3)-N(2) 107.1(5) 
C(4)-C(5)  1.367(8)  C(2)-C(3)-C(13) 112.0(5) 
C(4)-C(9)  1.422(8)  N(2)-C(3)-C(13) 141.0(5) 
C(5)-C(6)  1.406(8)  C(5)-C(4)-C(9) 117.6(5) 
C(6)-C(7)  1.348(8)  C(5)-C(4)-C(2) 138.4(6) 
C(8)-C(9)  1.391(7)  C(9)-C(4)-C(2) 104.0(5) 
C(8)-C(10)  1.417(9)  C(4)-C(5)-C(6) 119.3(6) 
C(8)-C(7)  1.435(9)  C(7)-C(6)-C(5) 122.6(6) 
C(9)-C(13)  1.430(8)  C(6)-C(7)-C(8) 121.0(6) 
C(10)-C(11)  1.358(8)  C(9)-C(8)-C(10) 116.4(6) 
C(11)-C(12)  1.420(8)  C(9)-C(8)-C(7) 114.7(6) 
C(12)-C(13)  1.369(8)  C(10)-C(8)-C(7) 128.8(6) 
C(14)-C(19)  1.389(7)  C(8)-C(9)-C(4) 124.6(6) 
C(14)-C(15)  1.404(8)  C(8)-C(9)-C(13) 122.6(6) 
C(14)-N(1)  1.472(7)  C(4)-C(9)-C(13) 112.7(5) 
C(15)-C(16)  1.381(8)  C(11)-C(10)-C(8) 121.2(6) 
C(15)-C(20)  1.525(8)  C(10)-C(11)-C(12) 122.1(6) 
C(16)-C(17)  1.363(8)  C(13)-C(12)-C(11) 118.4(6) 
C(17)-C(18)  1.361(8)  C(12)-C(13)-C(9) 119.2(5) 
C(18)-C(19)  1.376(8)  C(12)-C(13)-C(3) 138.1(5) 
C(19)-C(23)  1.514(8)  C(9)-C(13)-C(3) 102.7(5) 
C(20)-C(21)  1.519(7)  C(19)-C(14)-C(15) 122.7(6) 
C(20)-C(22)  1.533(8)  C(19)-C(14)-N(1) 120.2(5) 
C(23)-C(24)  1.512(8)  C(15)-C(14)-N(1) 117.0(5) 
C(23)-C(25)  1.545(7)  C(16)-C(15)-C(14) 117.2(5) 
C(26)-C(31)  1.387(8)  C(16)-C(15)-C(20) 118.6(6) 
C(26)-C(27)  1.419(8)  C(14)-C(15)-C(20) 124.1(6) 
C(26)-N(2)  1.452(7)  C(17)-C(16)-C(15) 121.0(6) 
C(27)-C(28)  1.385(8)  C(18)-C(17)-C(16) 120.1(6) 
C(27)-C(32)  1.517(9)  C(17)-C(18)-C(19) 122.7(6) 
C(28)-C(29)  1.362(9)  C(18)-C(19)-C(14) 116.2(6) 
C(29)-C(30)  1.365(9)  C(18)-C(19)-C(23) 118.8(5) 
C(30)-C(31)  1.388(8)  C(14)-C(19)-C(23) 125.0(6) 
C(32)-C(33)  1.517(7)  C(21)-C(20)-C(15) 113.3(5) 
C(32)-C(34)  1.528(8)  C(21)-C(20)-C(22) 109.9(5) 
C(35)-C(36)  1.509(8)  C(15)-C(20)-C(22) 110.8(5) 
C(35)-C(31)  1.518(8)  C(24)-C(23)-C(19) 111.7(5) 
C(35)-C(37)  1.535(9)  C(24)-C(23)-C(25) 109.1(5) 
C(38)-C(45)  1.386(9)  C(19)-C(23)-C(25) 110.0(5) 
C(38)-C(39)  1.508(8)  C(31)-C(26)-C(27) 123.3(6) 
C(38)-Ir(1)  2.161(6)  C(31)-C(26)-N(2) 119.9(5) 
C(39)-C(40)  1.493(9)  C(27)-C(26)-N(2) 116.7(5) 
C(40)-C(41)  1.539(8)  C(28)-C(27)-C(26) 115.3(6) 
C(41)-C(42)  1.415(9)  C(28)-C(27)-C(32) 121.5(6) 
C(41)-Ir(1)  2.108(5)  C(26)-C(27)-C(32) 123.2(5) 
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Table 2-xv continued 
C(42)-C(43)  1.511(9)  C(29)-C(28)-C(27) 122.5(7) 
C(42)-Ir(1)  2.106(6)  C(28)-C(29)-C(30) 120.4(6) 
C(43)-C(44)  1.509(9)  C(29)-C(30)-C(31) 121.2(7) 
C(44)-C(45)  1.494(9)  C(30)-C(31)-C(26) 117.0(6) 
C(45)-Ir(1)  2.173(5)  C(30)-C(31)-C(35) 121.0(6) 
Cl(1)-Ir(1)  2.3644(16)  C(26)-C(31)-C(35) 122.0(5) 
Ir(1)-C(1)  2.040(6)  C(33)-C(32)-C(27) 112.6(5) 
   C(33)-C(32)-C(34) 109.5(5) 
   C(27)-C(32)-C(34) 110.8(5) 
   C(36)-C(35)-C(31) 113.9(5) 
   C(36)-C(35)-C(37) 110.7(6) 
   C(31)-C(35)-C(37) 109.3(6) 
   C(45)-C(38)-C(39) 123.9(6) 
   C(45)-C(38)-Ir(1) 71.8(4) 
   C(39)-C(38)-Ir(1) 110.3(4) 
   C(40)-C(39)-C(38) 114.3(6) 
   C(39)-C(40)-C(41) 112.8(5) 
   C(42)-C(41)-C(40) 123.5(6) 
   C(42)-C(41)-Ir(1) 70.3(3) 
   C(40)-C(41)-Ir(1) 113.9(4) 
   C(41)-C(42)-C(43) 124.1(6) 
   C(41)-C(42)-Ir(1) 70.5(3) 
   C(43)-C(42)-Ir(1) 112.1(5) 
   C(42)-C(43)-C(44) 112.8(6) 
   C(45)-C(44)-C(43) 113.7(6) 
   C(38)-C(45)-C(44) 123.4(5) 
   C(38)-C(45)-Ir(1) 70.9(4) 
   C(44)-C(45)-Ir(1) 112.6(4) 
   C(1)-Ir(1)-C(42) 96.4(2) 
   C(1)-Ir(1)-C(41) 97.2(2) 
   C(42)-Ir(1)-C(41) 39.2(2) 
   C(1)-Ir(1)-C(38) 156.2(2) 
   C(42)-Ir(1)-C(38) 97.1(2) 
   C(41)-Ir(1)-C(38) 81.3(2) 
   C(1)-Ir(1)-C(45) 165.8(2) 
   C(42)-Ir(1)-C(45) 80.9(3) 
   C(41)-Ir(1)-C(45) 89.5(2) 
   C(38)-Ir(1)-C(45) 37.3(2) 
   C(1)-Ir(1)-Cl(1) 86.79(15) 
   C(42)-Ir(1)-Cl(1) 160.64(19) 
   C(41)-Ir(1)-Cl(1) 159.3(2) 
   C(38)-Ir(1)-Cl(1) 86.92(17) 
   C(45)-Ir(1)-Cl(1) 91.33(17) 
   C(2)-N(1)-C(1) 109.4(5) 
   C(2)-N(1)-C(14) 123.1(5) 
   C(1)-N(1)-C(14) 126.4(5) 
   C(1)-N(2)-C(3) 110.5(4) 
   C(1)-N(2)-C(26) 125.6(4) 
   C(3)-N(2)-C(26) 122.1(5) 
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Table 2-xvi: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN)Ir(CO)2 (2-8) 
C(1)-N(1)#1  1.371(6)  N(1)#1-C(1)-N(1) 105.7(6) 
C(1)-N(1)  1.371(6)  N(1)#1-C(1)-Ir(1) 127.1(3) 
C(1)-Ir(1)  2.089(7)  N(1)-C(1)-Ir(1) 127.1(3) 
C(21)-O(1)  1.154(10)  O(1)-C(21)-Ir(1) 177.8(8) 
C(21)-Ir(1)  1.849(9)  O(2)-C(22)-Ir(1) 175.7(8) 
C(22)-O(2)  1.117(10)  C(2)#1-C(2)-N(1) 107.5(3) 
C(22)-Ir(1)  1.850(10)  C(2)#1-C(2)-C(3) 110.8(3) 
Cl(1)-Ir(1)  2.342(3)  N(1)-C(2)-C(3) 141.7(5) 
C(2)-C(2)#1  1.348(11)  C(4)-C(3)-C(8) 119.0(6) 
C(2)-N(1)  1.388(7)  C(4)-C(3)-C(2) 138.4(6) 
C(2)-C(3)  1.471(8)  C(8)-C(3)-C(2) 102.6(5) 
C(3)-C(4)  1.360(8)  C(3)-C(4)-C(5) 118.3(6) 
C(3)-C(8)  1.433(7)  C(6)-C(5)-C(4) 122.1(6) 
C(4)-C(5)  1.427(8)  C(5)-C(6)-C(7) 121.6(6) 
C(5)-C(6)  1.356(9)  C(8)-C(7)-C(6)#1 115.6(4) 
C(6)-C(7)  1.419(7)  C(8)-C(7)-C(6) 115.6(4) 
C(7)-C(8)  1.390(12)  C(6)#1-C(7)-C(6) 128.8(8) 
C(7)-C(6)#1  1.419(7)  C(7)-C(8)-C(3)#1 123.4(4) 
C(8)-C(3)#1  1.433(7)  C(7)-C(8)-C(3) 123.4(4) 
C(9)-C(14)  1.387(8)  C(3)#1-C(8)-C(3) 113.1(8) 
C(9)-C(10)  1.388(8)  C(14)-C(9)-C(10) 124.3(5) 
C(9)-N(1)  1.448(7)  C(14)-C(9)-N(1) 118.4(5) 
C(10)-C(11)  1.387(8)  C(10)-C(9)-N(1) 117.0(5) 
C(10)-C(15)  1.535(8)  C(9)-C(10)-C(11) 117.1(6) 
C(11)-C(12)  1.389(9)  C(9)-C(10)-C(15) 122.7(5) 
C(12)-C(13)  1.371(9)  C(11)-C(10)-C(15) 120.1(6) 
C(13)-C(14)  1.394(8)  C(12)-C(11)-C(10) 120.6(7) 
C(14)-C(18)  1.514(8)  C(13)-C(12)-C(11) 120.2(6) 
C(15)-C(16)  1.524(8)  C(12)-C(13)-C(14) 121.7(6) 
C(15)-C(17)  1.535(8)  C(9)-C(14)-C(13) 116.1(6) 
C(18)-C(19)  1.524(8)  C(9)-C(14)-C(18) 122.4(5) 
C(18)-C(20)  1.549(8)  C(13)-C(14)-C(18) 121.5(6) 
   C(16)-C(15)-C(17) 110.7(5) 
   C(16)-C(15)-C(10) 111.6(5) 
   C(17)-C(15)-C(10) 112.8(5) 
   C(14)-C(18)-C(19) 110.8(5) 
   C(14)-C(18)-C(20) 112.8(5) 
   C(19)-C(18)-C(20) 110.8(5) 
   C(1)-N(1)-C(2) 109.6(5) 
   C(1)-N(1)-C(9) 127.6(5) 
   C(2)-N(1)-C(9) 122.6(4) 
   C(22)-Ir(1)-C(21) 86.5(4) 
   C(22)-Ir(1)-C(1) 92.1(3) 
   C(21)-Ir(1)-C(1) 178.5(3) 
   C(22)-Ir(1)-Cl(1) 177.2(3) 
   C(21)-Ir(1)-Cl(1) 90.8(3) 
   C(1)-Ir(1)-Cl(1) 90.7(2) 
Symmetry transformations used to generate equivalent atoms: x, -y + ½, z 
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Chapter 3: Synthesis, Characterization, and Reduction Studies of a 
Bis(imino)acenaphthene (BIAN)-Supported N-Heterocyclic Carbene 
3.1: INTRODUCTION 
3.1.1: Overview 
The objective of the work described in the present chapter is focused on the 
synthesis and isolation of a novel free NHC, namely IPr(BIAN). The free NHC was 
synthesized by deprotonation of the precursor imidazolium salt. A ring-opened 
decomposition product was also isolated in the deprotonation reaction. Electrochemical 
studies were performed using the free IPr(BIAN) and the IPr(BIAN)Ir(CO)2Cl complex 
in order to probe the change in donicity of the IPr(BIAN) ligand upon reduction. The free 
NHC IPr(BIAN) was also chemically reduced and the resulting product was studied by 
EPR. DFT calculations were also performed to further investigate the reduced state. 
 
3.1.2: Isolation of Free NHCs  
Isolation of a free NHC is generally very difficult, particularly for annulated 
NHCs.1 Large, bulky nitrogen substituents are required to prevent the dimerization of the 
free NHC or an equilibrium between the monomer and the dimer. Heinicke et al.2 
attempted the deprotonation of two related annulated NHCs (Figure 3-I). Treating the 
bulkier o-tolyl-substituted phenanthreno[9,10-d]imidazolium salt with potassium hydride 
in THF solution successfully afforded a racemic mixture of the free NHC. An attempted 
deprotonation utilizing the less-bulky p-tolyl substituted NHC resulted in the 
dimerization of the NHC. An additional difficulty in terms of isolating the deprotonated 
NHC relates to its extreme moisture sensitivity.3,4 
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Figure 3-I: Attempted deprotonation of two annulated NHCs. 
 
Several methods for generation of free NHCs have been reported in the literature. 
The most common method involves deprotonation of the imidazolium salt.5 The 
advantages of the deprotonation approach are the relatively high availability and stability 
of the precursor imidazolium salts and the mild deprotonation conditions. Commonly 
used bases include potassium hydride and potassium tert-butoxide. The deprotonation 
method is successful due to the relatively low pKa value of the proton located at the 2-
position of the imidazole ring in comparison with those of other CH protons. The C2 
proton has a pKa that ranges from 16 to 23 in DMSO.6-8 The 4- and 5-positions on the 
imidazole ring are significantly less acidic, with pKa’s of approximately 33 in DMSO.9 
This significant difference in pKa allows for selective deprotonation of the C2 proton with 
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an appropriately mild base. An interesting exception to the C2 deprotonation trend is 
evident in a C5-bound NHC-iridium complex synthesized by Crabtree et al. (Figure 3-
II).10 This NHC presumably binds through C5 to alleviate the strain that would be 
induced if it were bound through C2. This abnormal binding resulted in a much stronger 
electron-donating NHC (TEP = 2039 cm-1) than those of the corresponding C2 bound 
complexes (TEP = 2048-2050 cm-1). 
 
Figure 3-II: Unusual C5 binding of an NHC to iridium. 
 
3.1.3: Redox-Active Ligands 
Redox-active ligands have potential uses in in switchable catalysis. The 
pioneering example of the modulation of the reactivity of a metal center by a redox event 
of a redox-active ligand was reported by Wrighton et al.11 In this work, the neutral state 
of a rhodium catalyst utilizing a cobaltocene-based ligand was found to catalyze the 
hydrogenation of cyclohexene sixteen times faster than the oxidized state that was the 
result of chemical oxidation. An advantage of utilizing redox-active ligands in catalysis is 
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that the use redox-active ligands has been reported to catalyze polymerization reactions in 
a “switchable” fashion.12 By oscillating a catalyst between its reduced and oxidized 
forms, the ring-opening polymerization of rac-lactide was found to switch “on” and 
“off,” respectively. Switchable polymerization catalysts would be particularly useful for 
the synthesis of mixed-block polymers.  
The observation that NHCs are successful ligands for a variety of metal centers is 
discussed in Section 1.1.6. On the basis of the facile reduction chemistry of the BIAN 
ligand (see Section 1.1.9 for a discussion), it was concluded that the investigation of the 
redox ability of the newly synthesized IPr(BIAN) would be worthwhile.  
 
3.1.4: Redox-Active NHCs 
Redox-active NHCs have demonstrated their ability to influence the electron 
density of a coordinated metal by oxidation or reduction of the NHC ligand.13 To date, 
very few examples of redox-active NHCs have been reported in the literature, rendering 
this topic relatively unexplored. It has been observed that non-annulated NHCs are 
difficult to reduce.14 For example, the reduction potential for the non-annulated Z (Figure 
3-III) was calculated to be -4.41 V vs. SCE.  Annulation of the NHC results in a slightly 
more positive reduction potential. For example, the reduction potential of AA was 
calculated to be -3.63 V vs. SCE and the increased annulation in BB resulted in a even 
more positive reduction potential of -2.97 V vs. SCE (both depicted in Figure 3-III). 
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Figure 3-III: Model NHCs used to calculate reduction potentials. 
 
The synthesis of redox-active NHC ligands has been achieved by careful ligand 
design. For example, Bielawski et al.13 synthesized a variety of oxidatively active NHCs 
CC-FF utilizing a ferrocene functional group as the redox-active appendage, as 
illustrated in Figure 3-IV. Upon investigation of the change in donor character of the 
carbenic carbon upon electrochemical oxidation of the ferrocene group, it was observed 
that the TEP value increased by 10-12 cm-1, thus implying that the NHC is a weaker 
donor in the oxidized state. Bielawski et al. successfully demonstrated that the electronics 
of a metal center could be affected by a redox-event of the NHC without the need for 
synthetic modification of the ligand. As an example, a structural change of phosphine 
ligands is necessary to induce a difference of 12.7 cm-1 in the TEP value between PPh3 
and PCy3.15 Furthermore, Bielawski et al.13 synthesized the reducible NHC GG, by using 
a quinone moiety as the reducible functional group (Figure 3-IV). The quinone-based 
NHC exhibited a decrease in the TEP value by 10.6 cm-1 upon electrochemical reduction, 
thus suggesting that this NHC is a stronger donor in the reduced state. The oxidation and 
reduction of the NHC ligand and the resulting change in the TEP values demonstrated 
that a redox event centered on the NHC ligand has an effect on the electron density of a 
metal. This result was regarded being largely a Coulombic effect, which resulted from a 
change in the overall charge of the NHC. Electrochemical oxidation of the ferrocene 
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moieties of CC-FF resulted in a change in TEP that corresponded to the amount of 
change imparted by one positive charge. Correspondinly, the reduction of GG resulted in 
a shift in the TEP value of the same magnitude, albeit in the opposite direction, resulting 
from a change imparted by one negative charge. It was also observed that the TEP value 
had no dependence on the location of the ferrocene moiety on the NHC of CC-FF, which 
further supports the view that the origin of the redox-event is largely Coulombic. 
 
Figure 3-IV: Examples of redox-active NHCs (Fc = ferrocene). 
 
3.2: RESULTS AND DISCUSSION 
3.2.1: Synthesis of Complexes 
The traditional method for deprotonation of the imidazolium salt involves 
treatment with a sufficiently strong base. This method was employed for the generation 
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of the free NHC from the precursor imidazolium salt 2-1. Interestingly however, an 
unexpected, ring-opened product was also produced as a consequence of the 
deprotonation reaction. 
 
IPr(BIAN) (3-1) 
In some instances,16,17 difficulties or failures have been reported as a consequence 
of attempted deprotonations of annulated imidazolium salts to form the corresponding 
free NHCs (see Section 3.1.2 for a discussion). However, in the present case the 
deprotonation of the imidazolium salt 2-1 with KOtBu in THF solution proceeded 
smoothly and resulted in the formation of the corresponding yellow carbene, IPr(BIAN) 
3-1 in a 71% yield (Scheme 3-I). The free NHC 3-1 is stable in the solid state under an 
inert atmosphere for several months. The free NHC 3-1 is adequately soluble in THF and 
slightly solubility in toluene. However, it undergoes decomposition in chlorinated 
solvents and has very poor solubility in other solvents. Over time, yellow solutions of 3-1 
assume a red color, NMR examination of which revealed a loss of 3-1. The red color was 
found to develop more rapidly when toluene was employed as the solvent. However, 
THF solutions of NHC 3-1 did develop a red colorization after several hours, despite the 
use of rigorous Schlenk techniques. X-ray quality, diamond-shaped crystals of 3-1 were 
grown from a 1 : 1 toluene–THF solution and characterized on the basis of 1H and 13C 
NMR, MS, HRMS, melting point determination, and single-crystal X-ray diffraction. The 
1H, 13C, MS, HRMS, and mp data are presented in the Experimental Section (Section 3.4) 
and the X-ray studies are summarized in Section 3.2.2. Unfortunately, and despite several 
attempts, it was not possible to record the 13C chemical shift for the carbenic carbon of 3-
1 due to low solubility and relaxation effects. Nevertheless, the characteristic C-H 
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resonance of the acidic proton of the carbenic carbon was not evident in the 1H NMR 
spectrum of 3-1, thus indicating that deprotonation had occurred.  
 
Scheme 3-I: Deprotonation of the dipp(BIAN) Imidazolium Salt 2-1. 
 
N-(2,6-diisopropyl)-N-[(2,6-diisopropyl-phenylamino)acenaphthylen-l-yl]-formamide 
(3-2) 
Interestingly, when the deprotonation of 2-1 was carried out, a red, ring-opened 
product 3-2 was also produced in low yield (19%). Compound 3-2 was characterized on 
the basis of MS, HRMS, and single-crystal X-ray diffraction. The pertinent MS and 
HRMS data are presented in the Experimental Section (Section 3.4) and the results of the 
X-ray studies are summarized in Section 3.2.2. 
The compound N-(2,6-diisopropyl)-N-[(2,6-diisopropyl-
phenylamino)acenaphthylen-l-yl]-formamide (3-2) is believed to be formed by hydrolysis 
of 3-1 since yellow solutions of the latter slowly develop a red coloration upon standing 
(Scheme 3-II). Slightly different ring-opened products have also been reported to be 
formed in 80–85% yields when the corresponding saturated imidazolium salts were 
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treated with a variety of deprotonation agents in THF solution as depicted in Figure 2-II.18 
The production 3-2 further emphasizes the view that the deprotonation of annulated 
imidazolium salts to produce the corresponding free NHCs is highly sensitive to the 
reaction conditions and that free NHCs are extremely moisture sensitive.16-18 
 
Scheme 3-II: Proposed Ring-Opening Decomposition Route for 3-1. 
 
[IPr(BIAN)]1- (3-3) 
The chemical reduction of 3-1 (Scheme 3-III) was achieved by treatment of 3-1 
with a stoichiometric amount of potassium graphite (KC8) in THF solution. The initially 
yellow solution quickly assumed a red-purple color and was accompanied by the 
formation of a black precipitate. Presumably, the reaction of 3-1 with KC8 produced the 
radical anion 3-3 along with a potassium counter cation and a byproduct of graphite. The 
resulting red-purple solid was exceptionally air- and moisture-sensitive, and assumed a 
yellow color within seconds of exposure to ambient conditions. Unfortunately, the high 
reactivity of 3-3 prevented characterization by mass spectrometry and single-crystal X-
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ray diffraction. The radical anion 3-3 was characterized on the basis of electron 
paramagnetic resonance, the pertinent data for which are presented in Section 3.2.4. 
 
Scheme 3-III: Reduction of 3-1. 
 
3.2.2: X-ray Diffraction Studies 
IPr(BIAN) (3-1) 
Compound 3-1 was structurally authenticated on the basis of single-crystal X-ray 
diffraction studies.19 A summary of the data collection details appears in Table 3-i and the 
metrical parameters are presented in Table 3-iii.  
Compound 3-1 crystallizes in the monoclinic space group Cc. An ORTEP view of 
this compound is displayed in Figure 3-V. The unit cell contains four molecules of 3-1.  
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Figure 3-V: ORTEP view of IPr(BIAN) 3-1 accompanied by a partial atom numbering 
scheme. The thermal ellipsoids are drawn at the 50% probability level and 
all hydrogen atoms have been omitted for clarity. 
 
The C(1)-N(1) bond length of 1.377(5) Å is very similar to that of the C(1)-N(2) 
bond length (1.379(5) Å), both of which are characteristic of a single bond. On the other 
hand, the C(2)-C(3) bond length of 1.373(5) Å is indicative of a double bond. The phenyl 
rings of the dipp nitrogen substituents are rotated by 46.15° with respect to each other 
and in turn form dihedral angles of 79.18 and 80.28° with the imidazole ring. The 
carbenic carbon atom C(1) is in close contact (2.875(4) Å and 2.785(4) Å) with the 
hydrogen atoms at the 4- and 6-positions of the nearest neighbor 3-1 naphthalene moiety. 
 
C2 C3
N1 N2
C1
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Overall, the molecule is almost perfectly flat, with a dihedral angle of only 0.78° between 
the plane of the naphthalene moiety and the plane of the imidazole ring. 
Comparison of the structure of 3-1 with that of the imidazolium cation 2-1 
provides useful insights. The average C(1)–N(1,2) bond length of 1.341(4) Å for the 
imidazolium cation of 2-1 is 0.037 Å shorter than that observed for the free NHC 3-1, for 
which this distance is 1.378(5) Å. A similar trend is evident in the corresponding non-
annulated imidazolium chloride and IPr, for which the pertinent average bond lengths are 
1.339(5) and 1.366(3) Å, respectively.20 The N(1)–C(1)–N(2) bond angle becomes more 
acute upon deprotonation, as evidenced by the bond angle in 3-1 of 103.0(3)° which is 
6.4° more acute than for 2-1. A similar trend in bond angles is also evident for the non-
annulated IPr, the N-C-N bond angle of which also becomes more acute by 6.2° upon 
deprotonation.18 Metrical parameter changes of this type and magnitude are an indication 
of a loss of the positive charge upon deprotonation of the imidazolium salt and are also 
consistent with the formation of the free NHC.18,21 The measurement of metrical 
parameters represents a crucial observation in terms of providing evidence of 
deprotonation of the imidazolium salt since protons cannot be reliably found in the 
difference maps of laboratory X-ray data. In fact, it is necessary to employ high-quality 
synchrotron X-ray data for definitive atomic positions of protons. As a result, in the 
present work, the bond lengths and angles of the imidazole ring play an important role in 
terms of providing confirmation of free NHC formation. 
Further comparison of the structure of 3-1 with that of the non-annulated IPr20 is 
also instructive since it reveals the structural changes that take place upon annulation. In 
terms of bond distances, the major change consists of a significant increase in the C(2)-
C(3) bond length from 1.336 Å to 1.373(5) Å upon annulation. This lengthening is due to 
the steric strain induced in the bond by the presence of a fused naphthalene moiety in the 
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case of 3-1. Annulation also causes an average decrease of 0.041 Å in C(2,3)–N(1,2) and 
an average increase of 0.012 Å in C(1)–N(1,2). From the standpoint of bond angles, the 
major change that takes place upon annulation is an increase in the N(1)–C(1)–N(2) bond 
angle from 101.5(2)° to 103.0(3)° and a decrease of ~1° in the average C–N–C angle.  
Structural comparisons between the Arduengo-type NHC synthesized herein (3-1) 
and the related, saturated Wanzlick-type of NHC (Y, Figure 2-I)18 are also of interest. The 
major architectural difference between these two annulated NHCs relates to the fact that 
carbon atoms C(2) and C(3) adopt the expected trigonal planar and tetrahedral geometries 
in 3-1 and Y, respectively. Accordingly, the C(2)–C(3) separation in Y of 1.558(2) Å 
corresponds to that of a single bond while 3-1, with a bond distance of 1.373(5) Å, 
clearly possesses double bond character—albeit less than that in the precursor 
imidazolium salt (2-1) or IPr.20  The N-C-N angle of 106.09(14)° is significantly larger 
for Y than for 3-1, for which the value is 103.0(3)°. The structure of Y also revealed that 
a C-C bond lengthening of 0.0526 Å takes place upon annulation in comparison with that 
of the non-annulated saturated NHC. However, this bond lengthening is less significant 
than that for 3-1. The free NHC Y also exhibits a similar C(1)-N(1,2) bond lengthening 
of 0.0328 Å and a more acute N-C-N angle by 7.7° when compared with that of the 
precursor imidazolinium salt. 
Lastly, comparison of the carbene 3-1 with the homologous germylene22 revealed 
minor differences in the metrical parameters of the BIAN framework. For example, 
comparison of the C(2)-C(3) bond lengths of the NHC 3-1 (1.373(5) Å) with that of the 
(dipp-BIAN)Ge (1.381(5) Å) revealed that 3-1 has a slightly shorter bond. The average 
N(1,2)-C(1) bond distance is longer by 0.550 Å for 3-1 when compared with that of 
N(1,2)-Ge(1). These bond length differences are presumably a consequence of the larger 
ionic radius of germanium. Similarly, the N(1)-Ge(1)-N(2) bond angle is significantly 
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smaller for the germylene (85.20(12)°) than for the corresponding bond angle for 3-1 
(103.0(3)°). 
 
N-(2,6-diisopropyl)-N-[(2,6-diisopropyl-phenylamino)acenaphthylen-l-yl]-formamide 
(3-2) 
Compound 3-2 was structurally authenticated on the basis of single-crystal X-ray 
diffraction studies.23 A summary of data collection details appears in Table 3-ii and the 
metrical parameters are presented in Table 3-iv.  
Compound 3-2 crystallizes in the space group P21/c. An ORTEP view of 3-2 
(with the solvent molecule omitted) is presented in Figure 3-VI. The asymmetric unit 
contains one molecule of benzene solvent and the unit cell features four molecules of 3-2.  
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Figure 3-VI: ORTEP view of 3-2 accompanied by a partial atom numbering scheme. The 
thermal ellipsoids are drawn at the 50% probability level and all hydrogen 
atoms have been omitted for clarity. 
 
As pointed out in Section 3.2.1, the red crystalline compound 3-2 apparently 
originates from hydrolysis of the free NHC 3-1. A database search revealed that there is 
no structure that is exactly analogous to that of 3-2. A noteworthy feature of the structure 
is the C(2)–C(3) distance of 1.383(2) Å, which corresponds to that of a somewhat long 
double bond. Although the C(2)–N(1) and C(3)–N(2) distances both correspond to those 
of single bonds, the latter is ~0.05 Å shorter than the former. Moreover, the N(1)–C(1) 
distance is shorter than the N(1)–C(2) separation by 0.078 Å which is suggestive of a 
modicum of electron delocalization across the O(1)–C(1)–N(1) fragment. 
 
C2 C3
N2
H2n
O1C1
H1
N1
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The phenyl rings of the dipp nitrogen substituents are rotated 13.66° with respect 
to each other and make dihedral angles of 85.03 and 87.11° with the N(1)-C(2)-C(3)-N(2) 
atoms. A hydrogen-bonding contact of 1.97(2) Å is evident between the aldehyde O(1) 
and the proton of N(2). Moreover, the O(1) atom is in close contact (2.455(1) Å) with the 
hydrogen atom at the 3-position of the nearest neighbor dipp substituent.  
 
3.2.3: Electrochemical Studies 
Analysis of 3-1 was made possible by means of cyclic voltammetry (CV) due to 
the reducibility of the BIAN moiety incorporated into the framework of 3-1. The 
reduction of 3-1 was carried out in a THF solution which included 0.1 M [(nBu)4N][PF6] 
as the electrolyte. The resulting cyclic votammogram is plotted in Figure 3-VII. The CV 
plot exhibits a quasi-reversible reduction at E1/2 = -1.79 V vs. SCE and an irreversible 
reduction at Epa = -2.67 V vs. SCE. The first reduction potential of the BIAN carbene is 
similar to that of 1-naphthylphenyl ketone, which has a reduction potential of -1.70 V vs. 
SCE.24  
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Figure 3-VII: Cyclic votammogram of 1 mM 3-1 in THF solution with 0.1 M 
[(nBu)4N][PF6]. 
The effect of the reduction event of 3-1 on a coordinated metal center was 
investigated by means of IR-spectroelectrochemistry. The IPr(BIAN)Ir(CO)2Cl complex 
2-8 was reduced electrochemically which resulted in a shift of the average carbonyl 
stretching frequency (νave) to lower energy. In the THF-electrolyte solution, the average 
νave of the neutral complex was found to be 2023 cm-1. Following reduction of the 
solution at a sufficiently negative potential for induction of the first quasi-reversible 
reduction of 3-1, the νave was observed to be 2010 cm-1. The shift in νave to lower energy is 
indicative of 3-1 being a stronger electron donating ligand in the reduced state. The 
electrochemical reduction of the BIAN NHC resulted in a more strongly donating NHC 
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ligand, which in turn increased the electron density on the coordinated metal, and thus 
lowered the stretching frequency of the coordinated carbonyl ligands. 
 Using equation 1 (Section 1.1.7),25,26 the corresponding TEP values of the neutral 
and reduced states in THF solution were calculated. A difference in the TEP values of -11 
cm-1 was calculated between the neutral state and the reduced state of the complex. A 
change of the TEP value by 10-12 cm-1 is indicative of the Coulombic effect as reported 
by Bielawski et al.13 (see Section 3.1.4 for a discussion). The calculated ΔTEP (-10.6 cm-
1) of the quinone-annulated NHC GG (Figure 3-IV) is comparable to the ΔTEP found for 
3-1.  
 
3.2.4: EPR Studies 
The radical anion 3-3, which was synthesized via the 1:1 reaction of 3-1 and KC8, 
was suitable for study by EPR. The data were collected on a frozen solution of 3-3 in 
THF under inert atmosphere and the resulting EPR spectrum of 3-3 is displayed in Figure 
3-VIII. The single isotropic signal was centered at g = 2.0112, which is consistent with 
those reported for other organic radical species, including the radical anion 
Na[dipp(BIAN] (HH) (g = 2.0025) and the trianion Na3[dipp(BIAN)] (II) (g = 2.0023), 
the structures of which are illustrated in Figure 3-IX.22 As shown in Figure 3-VIII, the 
hyperfine coupling for 3-3 comprised a five-line spectral pattern which is consistent with 
hyperfine coupling of the unpaired electron to the two equivalent S = 1 14N nuclei or, 
conversely, coupling to the three sets of two symmetrically equivalent S = ½ 1H nuclei 
centered at g = 2.01119, 2.01305, and 2.00941, respectively. As reported by Fedushkin  
et al.,22 EPR studies of the radical anion HH revealed coupling of the unpaired electron to 
the two equivalent 14N nuclei of the diimine fragment of the BIAN molecule, with a = 4.6 
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G, which indicates that the unpaired electron is localized over the diimine fragment. The 
corresponding trianion II revealed coupling to three different pairs of 1H nuclei, with a = 
0.27, 3.9, and 6.6 G for each pair of hydrogen nuclei. No coupling to the 14N nuclei of the 
diimine fragment was evident for II which indicates that the unpaired electron is 
delocalized over the naphthalene moiety of the BIAN molecule. Given the foregoing, it is 
possible that the unpaired electron of the radical anion 3-3 is delocalized over both the 
diimine and naphthalene fragments and exhibits overlapping coupling to both 14N and 1H 
nuclei. 
Figure 3-VIII: EPR spectrum of 3-3 in THF solution at 77 K, g = 2.0112. 
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Figure 3-IX: Structures of [dipp(BIAN)]1- and [dipp(BIAN)]3- investigated by Fedushkin 
et al. via EPR. 
 
3.2.5: DFT Calculations 
Density functional theory (DFT) calculations at the MP2 level of theory were 
performed in an effort to further explore the nature of the reduced state of 3-1. The results 
of the calculations are presented in Figure 3-X. The dipp groups of the BIAN moiety 
were simplified to methyl groups for these calculations. The probability density plots of 
the HOMO and LUMO of the model NHC IMe2(BIAN) are shown, as well as the SOMO 
of the reduced state. The probability density of the HOMO is indicative of a C-C 
bonding, as well as a N-C-N bonding character in the imidazole ring. Interestingly, the 
SOMO and LUMO exhibit nodes in the probability density that lie on the carbenic 
carbon, suggesting the additional electron density due to reduction does not reside at this 
location. The SOMO reveals that the spin density is distributed over both the naphthalene 
moiety and the imidazole ring, which leads to the conclusion that the radical is likely 
delocalized over both fragments and therefore exhibits coupling in the EPR spectrum to 
both 14N and 1H nuclei. DFT calculations by Kühl et al.14 support the foregoing 
conclusions. Geometry optimization of the reduced states of Z-BB (Figure 3-III) resulted 
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in the formation of approximately planar radical anions, and no major structural 
differences were evident upon comparison with the neutral species in each case. 
Interestingly, the spin density was delocalized over the entire molecule, with the majority 
of the density being concentrated in orbitals localized over the aromatic fused ring, while 
only 20-30% of the spin density was localized on the carbene center.  
 
Figure 3-X: HOMO, SOMO, and LUMO representations of the model NHC. 
 
3.2.6: Further Directions 
The ease with which the free NHC 3-1 is reduced electrochemically and by 
chemical reagents argues well for the application of such a redox-active ligand in 
catalysis. Synthesizing a catalytically active metal complex utilizing 3-1 and studying the 
 HOMO$of$IMe2(BIAN) LUMO$of$IMe2(BIAN)SOMO$of$IMe2(BIAN)
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catalytic activity of such a complex under neutral and reductive conditions will likely 
provide exciting results. 
 
3.3: CONCLUSIONS 
The first example of an “Arduengo-type” bis(imino)acenaphthene (BIAN)-
supported N-heterocyclic carbene, IPr(BIAN), has been prepared and structurally 
authenticated. Electrochemical studies reveal that IPr(BIAN) is a substantially stronger 
electron-donating ligand in the reduced state. Reduction of the IPr(BIAN)Ir(CO)2Cl 
complex resulted in a 11 cm-1 decrease in the TEP value which is consistent with a 
Coulombic effect, whereby the addition of a positive or negative charge to the ligand 
changes the TEP value by approximately ± 10-12 cm-1. Chemical reduction of IPr(BIAN) 
resulted in an isotropic EPR signal which is consistent with other organic radical species 
in solution. DFT calculations provide evidence for the conclusion that the unpaired 
electron is delocalized over both the imidazole ring and the naphthalene moiety. The 
successful electrochemical and chemical reduction of IPr(BIAN) provides evidence that 
the reduced species is relatively stable in solution and may have applications in redox-
switchable catalysis. 
 
3.4: EXPERIMENTAL 
3.4.1: General Procedures 
All manipulations and reactions were performed under a dry, oxygen-free argon 
atmosphere using standard Schlenk techniques or in an argon-filled, catalyst scrubbed M-
Braun or Vacuum Atmospheres drybox. All glassware was oven-dried for at least 24 h at 
120°C and vacuum- and argon flow-degassed prior to use. The solvents THF, hexanes, 
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and diethyl ether were dried over sodium and benzophenone and then freshly distilled 
prior to use. Toluene was dried over molten sodium and freshly distilled prior to use. 
Dichloromethane was dried over calcium hydride and freshly distilled prior to use.  
 
3.4.2: Physical Measurements 
All 1H and 13C{1H} NMR spectra were recorded at 295 K in the indicated solvent 
on a Varian Unity + 300 (1H, 300 MHz; 13C 75 MHz), a Varian AS400 spectrometer (1H, 
400 MHz; 13C 100 MHz), or a Varian INOVA 500 spectrometer (1H, 500 MHz; 13C 125 
MHz), immediately following sample preparation. Deuterated solvents were obtained 
from Cambridge Isotopes and stored over 4 Å molecular sieves prior to use. Chemical 
shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00) using 
solvent resonances as internal standards. The FTIR spectra were obtained on a Perkin-
Elmer Spectrum BX system. The melting points of the new compounds were obtained on 
a Fischer-Johns apparatus and are uncorrected. Low-resolution CI mass spectra were 
obtained on a Thermo Scientific TSQ Quantum GC mass spectrometer and high-
resolution mass spectra were recorded on a magnetic sector Waters Autospec Ultima 
instrument. X-band EPR data were recorded on a Bruker EMX Plus spectrometer 
equipped with a liquid nitrogen cooled cryostat. The sample was dissolved in dry, 
degassed THF and the solution was transferred into a quartz EPR tube, sealed with 
parafilm, quickly frozen and used immediately.  
 
3.4.3: Single-Crystal X-ray Crystallography 
Single crystal samples were covered in mineral oil and mounted on a nylon thread 
loop. The X-ray data were collected on either a Nonius Kappa CCD diffractometer at 153 
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K using an Oxford Cryostream low temperature device, a Rigaku AFC12 diffractomer 
with a Saturn 724+ CCD at 100 K using a Rigaku XStream low temperature device, or a 
Rigaku SCX-Mini diffractometer with a Rigaku XStream low temperature device 
operating at 153 K. All instruments were equipped with a graphite monochromated 
MoKα radiation source (λ = 0.71073 Å). The data reduction was performed with either 
DENZO-SMN or Rigaku Americas Corporation’s Crystal Clear version 1.40 or 2.0. All 
the new structures were solved by direct methods and refined by full-matrix least squares 
on F2 with anisotropic displacement parameters for the non-H atoms using the SHELXTL 
PLUS 5.0 (PC) software package27 and PLATON.28 The hydrogen atoms attached to 
carbon were calculated in idealized positions and refined using a riding model and 
general isotropic thermal parameters. 
 
3.4.4: Electrochemistry 
Electrochemical studies were carried out on a CH Instruments Electrochemical 
Workstation in a drybox under a nitrogen atmosphere. The three-electrode cell consisted 
of a silver wire reference, a gold working, and a tungsten counter electrode. The studies 
were performed in 1 mM THF solutions using 0.1 M [(nBu)4N][PF6] (recrystallized 3x 
from ethanol and oven-dried) as the supporting electrolyte. The THF was dried over 
sodium and benzophenone and freshly distilled prior to use. Decamethylferrocene was 
used as an internal reference for calibration of the reference electrode prior to and after 
each experiment. The reported potentials were determined at 100 mVs-1 scan rate and are 
referenced to the saturated calomel electrode (SCE). 
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3.4.5: Synthesis of Compounds 
IPr(BIAN) (3-1) 
THF (30 mL) was added to a Schlenk flask containing 2-1 (0.10 g, 0.182 mmol) 
and KOtBu (0.028 g, 0.273 mmol). The reaction mixture was stirred at ambient 
temperature for 12 h, during which time the solids dissolved affording a yellow solution. 
The solvent was stripped under reduced pressure, the solids were digested in toluene (30 
mL), and the solution was filtered. The solvent was removed under reduced pressure 
thereby affording a mixture of red and yellow solids. The crude solid mixture was 
washed with cold hexanes to remove the red product. The remaining yellow solid was 
dried under reduced pressure affording 3-1 (0.066 g, 70.8%) as an analytically pure 
yellow solid. A single crystal of 3-1 was grown from a saturated 1 : 1 toluene-THF 
solution of 3-1 stored at -40 °C. 
MS (CI+, CH4): m/z 513 [M + H]+ (+ H); HRMS (CI+, CH4): calcd for C37H40N2 
m/z 513.3270; found, 513.3283; 1H NMR (C6D6): δ 1.13 (d, 12H, CH3), 1.36 (d, 12H, 
CH3), 3.38 (sept, 4H, –CH), 6.91 (d, 2H, Ar–H), 6.94 (d, 2H, Naph-H), 7.24 (d, 2H, 
Naph-H), 7.29 (t, 2H, Ar–H), 7.31 (d, 2H, Ar–H), 3.38 (t, 2H, Naph-H); 13C NMR 
(C7D8): δ 23.35, 24.70, 29.05, 119.89, 123.97, 124.74, 127.01, 127.23, 129.35, 130.35, 
131.76, 140.30, 146.34; mp: 299–302 °C. 
 
Isolation of N-(2,6-diisopropyl)-N-[(2,6-diisopropyl-phenylamino)acenaphthylen-l-yl]-
formamide (3-2) 
In the typical synthesis of 3-1, filtration of the reaction mixture, followed by the 
stripping of the solvent under reduced pressure afforded a mixture of red and yellow 
solids. The crude solid mixture was washed with 20 mL of hexanes, which selectively 
dissolved the red solid. The red solution was cannulated into a Schlenk flask, filtered, and 
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the volatiles were removed under reduced pressure to afford a 19% yield of red solid 3-2. 
Red crystals of 3-2 suitable for X-ray analysis were grown by slow evaporation of a 
saturated benzene solution. 
MS (CI+, CH4): m/z 531 [M + H]+ (+ H); HRMS (CI+, CH4): calcd for C37H43N2O 
m/z 531.3375; found, 531.3359. 
 
[IPr(BIAN)]1- (3-3) 
THF (30 mL) was added to a Schlenk flask charged with potassium graphite 
(0.009 g, 0.067 mmol) and 3-1 (0.035 g, 0.068 mmol). The yellow solution immediately 
assumed a red-purple color and a black solid precipitated from the solution. After stirring 
overnight, the reaction mixture was filtered through Celite and the volatiles were 
removed under reduced pressure, resulting in the formation of a red-purple solid. 
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3.5: APPENDIX 
3.5.1: Tables of Crystallographic Details and Structure Refinement Data 
Table 3-i: Crystallographic details and structure refinement data for IPr(BIAN) (3-1) 
Empirical formula C74H80N4  
Formula weight 1025.42  
Temperature 100(2) K  
Wavelength 0.71069 Å  
Crystal system Monoclinic  
Space group Cc  
Unit cell dimensions a = 9.823(5) Å α = 90° 
 b = 14.604(5) Å β = 101.882(5)° 
 c = 21.114(5) Å γ =  90° 
Volume 2964.0(19) Å3  
Z 2  
Density (calculated) 1.149 Mg/m3  
Absorption coefficient 0.066 mm-1  
F(000) 1104  
Crystal Size 0.33 x 0.20 x 0.12 mm3  
Theta range for data collection 3.42 to 27.48°  
Index ranges -12<=h<=12, -16<=k<=18, -27<=l<=27  
Reflections collected 13027  
R(int) 0.0367  
Completeness to theta = 26.00° 99.8 %  
Max. and min. transmission 1.000 and 0.744  
Data/restraints/parameters  3398 / 2 / 360  
Goodness-of-fit on F2 1.098  
Final R indices [I>2σ(I)] R1 = 0.0707, wR2 = 0.1819  
R indices (all data) R1 = 0.0752, wR2 = 0.1850  
Largest diff. peak and hole 0.453 and -0.259 e.Å-3  
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Table 3-ii: Crystallographic details and structure refinement data for N-(2,6-diisopropyl)-
N-[(2,6-diisopropyl-phenylamino)acenaphthylen-l-yl]-formamide (3-2) 
Empirical formula C40H44N2O  
Formula weight 568.77  
Temperature 153(2) K  
Wavelength 0.71073 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 9.816(2) Å α = 90° 
 b = 22.281(5) Å β = 106.32(3)° 
 c = 15.556(3) Å γ =  90° 
Volume 3265.2(11) Å3  
Z 4  
Density (calculated) 1.157 Mg/m3  
Absorption coefficient 0.068 mm-1  
F(000) 1224  
Crystal Size 0.18 x 0.13 x 0.09 mm3  
Theta range for data collection 1.64 to 27.46°  
Index ranges -12<=h<=12, -26<=k<=28, -20<=l<=20  
Reflections collected 12849  
R(int) 0.0321  
Completeness to theta = 26.00° 99.5 %  
Max. and min. transmission 1.00 and 0.877  
Data/restraints/parameters  7437 / 0 / 396  
Goodness-of-fit on F2 1.020  
Final R indices [I>2σ(I)] R1 = 0.0523, wR2 = 0.1290  
R indices (all data) R1 = 0.0751, wR2 = 0.1426  
Largest diff. peak and hole 0.829 and -0.289 e.Å-3  
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3.5.2:  Tables of Bond Lengths and Angles 
Table 3-iii: Bond lengths (Å) and angles (°) for refined atoms of IPr(BIAN) (3-1) 
C(1)-N(2)  1.377(5)  N(2)-C(1)-N(1) 103.0(3) 
C(1)-N(1)  1.379(5)  C(3)-C(2)-N(1) 106.8(3) 
C(2)-C(3)  1.373(5)  C(3)-C(2)-C(4) 109.7(3) 
C(2)-N(1)  1.387(5)  N(1)-C(2)-C(4) 143.5(4) 
C(2)-C(4)  1.459(5)  C(2)-C(3)-N(2) 106.0(3) 
C(3)-N(2)  1.389(5)  C(2)-C(3)-C(13) 110.3(3) 
C(3)-C(13)  1.462(5)  N(2)-C(3)-C(13) 143.7(4) 
C(4)-C(5)  1.375(6)  C(5)-C(4)-C(9) 118.8(4) 
C(4)-C(9)  1.428(6)  C(5)-C(4)-C(2) 137.3(4) 
C(5)-C(6)  1.426(7)  C(9)-C(4)-C(2) 103.9(3) 
C(6)-C(7)  1.375(9)  C(4)-C(5)-C(6) 117.9(5) 
C(7)-C(8)  1.429(8)  C(7)-C(6)-C(5) 123.0(5) 
C(8)-C(9)  1.385(6)  C(6)-C(7)-C(8) 119.9(4) 
C(8)-C(10)  1.430(8)  C(9)-C(8)-C(7) 116.5(4) 
C(9)-C(13)  1.422(6)  C(9)-C(8)-C(10) 116.9(5) 
C(10)-C(11)  1.381(9)  C(7)-C(8)-C(10) 126.6(5) 
C(11)-C(12)  1.425(7)  C(8)-C(9)-C(13) 123.5(4) 
C(12)-C(13)  1.375(6)  C(8)-C(9)-C(4) 123.9(4) 
C(14)-C(15)  1.396(6)  C(13)-C(9)-C(4) 112.6(4) 
C(14)-C(19)  1.413(6)  C(11)-C(10)-C(8) 119.7(4) 
C(14)-N(1)  1.442(5)  C(10)-C(11)-C(12) 122.5(5) 
C(15)-C(16)  1.399(6)  C(13)-C(12)-C(11) 118.3(5) 
C(15)-C(20)  1.518(7)  C(12)-C(13)-C(9) 119.1(4) 
C(16)-C(17)  1.388(8)  C(12)-C(13)-C(3) 137.4(4) 
C(17)-C(18)  1.381(8)  C(9)-C(13)-C(3) 103.6(3) 
C(18)-C(19)  1.394(6)  C(15)-C(14)-C(19) 122.1(4) 
C(19)-C(23)  1.524(6)  C(15)-C(14)-N(1) 119.1(3) 
C(20)-C(21)  1.483(14)  C(19)-C(14)-N(1) 118.8(3) 
C(20)-C(22)  1.505(11)  C(14)-C(15)-C(16) 117.7(4) 
C(23)-C(25)  1.527(9)  C(14)-C(15)-C(20) 121.0(4) 
C(23)-C(24)  1.533(7)  C(16)-C(15)-C(20) 121.3(4) 
C(26)-C(31)  1.388(6)  C(17)-C(16)-C(15) 121.3(5) 
C(26)-C(27)  1.400(5)  C(18)-C(17)-C(16) 120.1(4) 
C(26)-N(2)  1.444(5)  C(17)-C(18)-C(19) 121.1(5) 
C(27)-C(28)  1.398(6)  C(18)-C(19)-C(14) 117.8(4) 
C(27)-C(32)  1.509(6)  C(18)-C(19)-C(23) 122.0(4) 
C(28)-C(29)  1.367(8)  C(14)-C(19)-C(23) 120.2(4) 
C(29)-C(30)  1.392(8)  C(21)-C(20)-C(22) 111.9(7) 
C(30)-C(31)  1.394(7)  C(21)-C(20)-C(15) 111.3(6) 
C(31)-C(35)  1.533(7)  C(22)-C(20)-C(15) 111.8(6) 
C(32)-C(34)  1.532(11)  C(19)-C(23)-C(25) 110.3(5) 
C(32)-C(33)  1.533(8)  C(19)-C(23)-C(24) 112.6(4) 
C(35)-C(36)  1.476(14)  C(25)-C(23)-C(24) 110.0(5) 
C(35)-C(37)  1.488(12)  C(31)-C(26)-C(27) 122.6(4) 
   C(31)-C(26)-N(2) 119.2(3) 
   C(27)-C(26)-N(2) 118.2(3) 
   C(28)-C(27)-C(26) 117.5(4) 
 
 137 
Table 3-iii continued 
   C(28)-C(27)-C(32) 121.4(4) 
   C(26)-C(27)-C(32) 120.9(4) 
   C(29)-C(28)-C(27) 121.0(5) 
   C(28)-C(29)-C(30) 120.4(4) 
   C(29)-C(30)-C(31) 120.6(5) 
   C(26)-C(31)-C(30) 117.8(4) 
   C(26)-C(31)-C(35) 121.5(4) 
   C(30)-C(31)-C(35) 120.7(4) 
   C(27)-C(32)-C(34) 109.6(6) 
   C(27)-C(32)-C(33) 113.6(5) 
   C(34)-C(32)-C(33) 109.7(6) 
   C(36)-C(35)-C(37) 111.9(7) 
   C(36)-C(35)-C(31) 111.5(6) 
   C(37)-C(35)-C(31) 112.4(7) 
   C(1)-N(1)-C(2) 111.9(3) 
   C(1)-N(1)-C(14) 121.9(3) 
   C(2)-N(1)-C(14) 126.2(3) 
   C(1)-N(2)-C(3) 112.3(3) 
   C(1)-N(2)-C(26) 121.6(3) 
   C(3)-N(2)-C(26) 126.1(3) 
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Table 3-iv: Bond lengths (Å) and angles (°) for refined atoms of N-(2,6-diisopropyl)-N-
[(2,6-diisopropyl-phenylamino)acenaphthylen-l-yl]-formamide (3-2) 
C(1)-O(1)  1.2237(17)  O(1)-C(1)-N(1) 126.27(13) 
C(1)-N(1)  1.3532(18)  C(3)-C(2)-N(1) 126.27(13) 
C(2)-C(3)  1.3835(19)  C(3)-C(2)-C(4) 109.85(12) 
C(2)-N(1)  1.4307(17)  N(1)-C(2)-C(4) 123.82(12) 
C(2)-C(4)  1.467(2)  C(2)-C(3)-N(2) 125.90(12) 
C(3)-N(2)  1.3840(18)  C(2)-C(3)-C(13) 107.60(12) 
C(3)-C(13)  1.4882(19)  N(2)-C(3)-C(13) 126.49(12) 
C(4)-C(5)  1.377(2)  C(5)-C(4)-C(9) 117.37(13) 
C(4)-C(9)  1.4167(19)  C(5)-C(4)-C(2) 137.14(13) 
C(5)-C(6)  1.420(2)  C(9)-C(4)-C(2) 105.49(12) 
C(6)-C(7)  1.372(2)  C(4)-C(5)-C(6) 119.48(13) 
C(7)-C(8)  1.418(2)  C(7)-C(6)-C(5) 122.37(14) 
C(8)-C(9)  1.393(2)  C(6)-C(7)-C(8) 119.68(14) 
C(8)-C(10)  1.422(2)  C(9)-C(8)-C(7) 116.88(13) 
C(9)-C(13)  1.412(2)  C(9)-C(8)-C(10) 116.15(14) 
C(10)-C(11)  1.368(2)  C(7)-C(8)-C(10) 126.96(14) 
C(11)-C(12)  1.423(2)  C(8)-C(9)-C(13) 124.70(13) 
C(12)-C(13)  1.379(2)  C(8)-C(9)-C(4) 124.21(13) 
C(14)-C(15)  1.402(2)  C(13)-C(9)-C(4) 111.07(12) 
C(14)-C(19)  1.406(2)  C(11)-C(10)-C(8) 119.87(14) 
C(14)-N(1)  1.4525(18)  C(10)-C(11)-C(12) 122.89(14) 
C(15)-C(16)  1.394(2)  C(13)-C(12)-C(11) 118.54(14) 
C(15)-C(20)  1.520(2)  C(12)-C(13)-C(9) 117.83(13) 
C(16)-C(17)  1.381(2)  C(12)-C(13)-C(3) 136.19(14) 
C(17)-C(18)  1.380(2)  C(9)-C(13)-C(3) 105.96(12) 
C(18)-C(19)  1.393(2)  C(15)-C(14)-C(19) 122.93(13) 
C(19)-C(23)  1.527(2)  C(15)-C(14)-N(1) 117.31(12) 
C(20)-C(22)  1.529(2)  C(19)-C(14)-N(1) 119.76(12) 
C(20)-C(21)  1.533(2)  C(16)-C(15)-C(14) 117.13(14) 
C(23)-C(24)  1.527(3)  C(16)-C(15)-C(20) 120.07(14) 
C(23)-C(25)  1.533(2)  C(14)-C(15)-C(20) 122.73(13) 
C(26)-C(27)  1.400(2)  C(17)-C(16)-C(15) 121.19(15) 
C(26)-C(31)  1.402(2)  C(18)-C(17)-C(16) 120.45(14) 
C(26)-N(2)  1.4424(18)  C(17)-C(18)-C(19) 121.25(15) 
C(27)-C(28)  1.399(2)  C(18)-C(19)-C(14) 117.01(14) 
C(27)-C(32)  1.516(2)  C(18)-C(19)-C(23) 119.57(13) 
C(28)-C(29)  1.379(2)  C(14)-C(19)-C(23) 123.33(13) 
C(29)-C(30)  1.386(2)  C(15)-C(20)-C(22) 110.57(13) 
C(30)-C(31)  1.397(2)  C(15)-C(20)-C(21) 111.64(13) 
C(31)-C(35)  1.520(2)  C(22)-C(20)-C(21) 110.56(14) 
C(32)-C(33)  1.519(2)  C(24)-C(23)-C(19) 113.86(14) 
C(32)-C(34)  1.526(3)  C(24)-C(23)-C(25) 109.15(14) 
C(35)-C(36)  1.524(2)  C(19)-C(23)-C(25) 109.71(13) 
C(35)-C(37)  1.540(2)  C(27)-C(26)-C(31) 122.00(13) 
   C(27)-C(26)-N(2) 118.64(13) 
   C(31)-C(26)-N(2) 119.36(13) 
   C(28)-C(27)-C(26) 117.78(14) 
   C(28)-C(27)-C(32) 121.36(14) 
   C(26)-C(27)-C(32) 120.83(13) 
   C(29)-C(28)-C(27) 121.10(15) 
   C(28)-C(29)-C(30) 120.29(14) 
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Table 3-iv continued 
   C(29)-C(30)-C(31) 120.74(15) 
   C(30)-C(31)-C(26) 118.01(14) 
   C(30)-C(31)-C(35) 121.72(14) 
   C(26)-C(31)-C(35) 120.22(13) 
   C(27)-C(32)-C(33) 113.40(15) 
   C(27)-C(32)-C(34) 110.12(15) 
   C(33)-C(32)-C(34) 110.55(17) 
   C(31)-C(35)-C(36) 114.28(13) 
   C(31)-C(35)-C(37) 109.21(12) 
   C(36)-C(35)-C(37) 111.06(13) 
   C(1)-N(1)-C(2) 124.32(12) 
   C(1)-N(1)-C(14) 117.81(11) 
   C(2)-N(1)-C(14) 117.80(11) 
   C(3)-N(2)-C(26) 120.15(11) 
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Chapter 4: Antimicrobial Studies of Bis(imino)acenaphthene (BIAN)-
Supported N-Heterocyclic Carbene Complexes and Imidazolium Salts 
based on the Bis(imino)acenaphthene (BIAN) Ligand 
4.1: INTRODUCTION 
4.1.1: Overview 
The objective of the work described in this chapter is focused on exploring the 
antimicrobial properties of the AgCl, AgOAc, AuCl, and AuOAc complexes of the 
IPr(BIAN) ligand, the syntheses of which were discussed in Chapter 2. Additionally, the 
antimicrobial properties of the precursor IPr(BIAN) imidazolium chloride, and the new 
imidazolium salts mes(BIAN) imidazolium chloride, pMeO(BIAN) imidazolium 
chloride, pF(BIAN) imidazolium chloride, and 4-n-hexyl(BIAN) imidazolium chloride 
were also explored. The solution studies were conducted using using the minimum 
inhibitory concentration test. Lastly, the IPr(BIAN)AuCl and IPr(BIAN)AuOAc 
complexes were electrospun into nanofibers with polyvinyl alcohol and the composite 
and nanofiber antimicrobial properties were also explored using the agar diffusion assay. 
A brief survey of the use of silver- and gold-NHC complexes as antimicrobials and an 
overview of nanofibers that have been prepared by the electrospinning process are also 
included. 
 
4.1.2: MIC and Zone of Inhibition 
There are a number of ways to quantitate the potency of a chemical substance 
with respect to the growth of a microorganism. The two microbiological assays that were 
employed in the present work are the minimum inhibitory concentration test and the agar 
diffusion assay. 
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The minimum inhibitory concentration test (MIC test)1 provides a measure of the 
effectiveness of an antibiotic against various microorganisms in units of μg/mL. In order 
to carry out the MIC test, a solution of the antibiotic of interest in a specific concentration 
is made. This aqueous stock solution is then diluted in serial two-fold dilutions in a well 
plate until some pre-determined final concentration is reached. Each well is then 
inoculated with the bacteria of interest. Subsequent to incubation, the MIC value is 
assessed visually on the basis of the turbidity of the wells. The first clear well is taken to 
be the MIC, i.e. the lowest concentration of the antibiotic needed to inhibit bacterial 
growth. A lower MIC value results from a more active antibiotic. 
The agar diffusion assay, or the zone of inhibition test,2 affords a quantitative 
method for measuring the activity of a potential antibiotic and is expressed in units of 
mm. Initially, paper discs are loaded with the antibiotic of interest. An agar plate is 
inoculated with a bacterial strain and the discs are placed on the agar plate. The bacteria 
are then incubated for a period of time. Subsequently, a zone forms around the discs, 
indicating that the antibiotic has diffused into the agar and thereby has inhibited the 
growth of the bacteria. A larger diameter of the affected zone results from a more active 
antibiotic. Standardization of the assay is carried out by using a known antibiotic and 
comparing its zone diameter with that of the tested antibiotic. 
 
4.1.3: Antimicrobial Silver 
It has been know for centuries that silver possesses antimicrobial properties3,4 and 
furthermore that it is the most toxic metal with respect to microorganisms.5,6 Indeed, 
ancient civilizations used silver metal for the storage and purification of drinking water.7 
Moreover, silver nitrate has been used as a prophylactic solution for neonatal 
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conjunctivitis and for the treatment for skin ulcers, postsurgical wounds, and burns.3,8 In 
terms of quantification, the MIC value for AgNO3 lies between 0.1 and 0.05 μg/mL.9 
Despite its widespread use, the mechanism for the bacterial action of silver is only 
poorly understood.3 For example, silver displays no antimicrobial activity in an inert 
atmosphere. However, upon exposure to oxygen, silver(I) ions are produced and it is 
these ions that are responsible for the antimicrobial activity.10-14 Evidently, silver(I) ions 
bind to bacterial cell walls and thereby interfere with cell wall synthesis. Silver(I) also 
effects cell respiration, transport, and metabolism.7 
There are many advantages to using silver and silver compounds as 
antimicrobials. Silver is stable and relatively inexpensive. Moreover, it has no reported 
effect on mammalian cell membranes and is only of limited toxicity to humans.3 
However, it is well known that silver can accumulate in the body and thereby cause skin 
pigmentation changes.15 On the other hand, an important advantage of silver in terms of 
antimicrobial activity is that it has been shown to exhibit almost no bacterial resistance.7 
As bacteria become more resistant to standard antibiotics such as penicillin, the use of 
silver as an antimicrobial will continue to play an increasingly important in modern 
medicine.3 
It has been observed that metal chelates have higher activities than that of the 
corresponding free ligand or free metal ion, and this observation is explained by 
Overtone’s theory of chelation.16 The phospholipid bilayer that surrounds the cell allows 
passage of hydrophobic materials, thus rendering lipophilicity important in terms of drug 
design. Upon chelation of a ligand to a metal, the polarity of the metal ion is decreased 
due to the overlap of the ligand orbitals with those of the metal ion. In turn, this results in 
a dispersion of the positive charge of the metal cation over the whole complex and an 
increase in the lipophilicity of the complex as a whole. Given the forgoing, complexes of 
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silver(I) represent an important area of study in terms of developing more effective 
antimicrobial agents. 
 
4.1.4: Antimicrobial Activities of Silver-NHC Complexes  
N-heterocyclic carbenes are useful ligands that are capable of coordinating to a 
wide variety of metal ions, including silver(I).17 Because of their strong electron donating 
ability, NHCs bond strongly to coordinated metals, making them promising candidates as 
ligands for the support of antimicrobially active compounds.18 Strong metal-ligand 
binding is of particular importance because the complex must be stable enough to 
withstand biological conditions long enough to arrive at the desired site.19 Since chloride 
ions are prevalent in biological systems, there is a strong tendency for the silver(I) ions to 
precipitate out of solution as AgCl(s) (Ksp20 = 1.77 x 10-10) thereby rendering the silver(I) 
ion biologically inactive.21 Tightly binding the silver(I) to a ligand increases the amount 
of biologically active silver(I). Based on the forgoing, the increased activity of silver(I) 
complexes compared to that of AgNO3 is rationalized on the basis of the strong binding 
capability the carbenic carbon to silver(I), thus enhancing the stability of the complex and 
decelerating the rate of dissociation of silver(I).22 N-heterocyclic carbenes are also 
promising candidates as ligands for new antimicrobial agents because of their ease of 
synthesis. Moreover, the nitrogen substituents can be easily tuned to change the steric 
properties and lipophilicity of the ligand, and thereby changing the properties of the 
complex.23 
The first silver(I)-NHC complexes to be tested for its antimicrobial activity were 
synthesized by Youngs et al. (Figure 4-I, JJ).21 The MIC values were determined for both 
of the one-dimensional silver-NHC polymers synthesized (where m = 2 or 3), using S. 
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aureus, E. coli, and P. aeruginosa. Both compounds showed superior antimicrobial 
activity to that of AgNO3. Moreover, the growth of bacteria on agar plates treated with JJ 
was delayed for a longer period of time in comparison with agar plates treated with 
AgNO3. The superior activity and the slowed growth both suggest that the silver(I)-NHC 
complex releases silver(I) ions very slowly. 
 
Figure 4-I: The first antimicrobially active silver-NHC (JJ) and the biologically relevant 
caffeine silver-NHC complex (KK). 
 
Recently, the goal of synthesizing silver(I)-NHC complexes has moved toward 
the use of more biologically relevant ligands.22 Following release of the silver(I) ion, the 
resulting NHC ligand reverts to the corresponding imidazolium salt. Some imidazolium 
salts have been found to be toxic, with LD50 ≈ 100 mg/kg of rat.12 Youngs et al.4 
developed a silver(I)-NHC complex KK based on the caffeine molecule, as depicted in 
Figure 4-I. Caffeine has a significantly lower toxicity (LD50 ≈ 1 g/kg of rat) and also 
exhibits antimicrobial activity. Following complexation to silver(I), the resulting 
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methylated caffeine NHC complex KK was found to exhibit very good antimicrobial 
activity against several bacteria, including some antibiotic resistant bacterial strains.4  
A recent systematic study of different nitrogen substituted saturated silver(I)-
NHC complexes revealed some interesting observations. For example, Gürbüz et al.24 
investigated the antimicrobial activities of the saturated silver(I)-NHC complexes 
including those with various nitrogen phenyl substituents, including 2-methyl, 4-methyl, 
4-ethyl, 4-iPr, 4-diethylamino, and 3,4-dimethoxy benzyl groups. All of the complexes 
were found to be antimicrobially active against E. coli, S. aureus, E. faecalis, and P. 
aerugnosa. However, it was observed that changing the substituents on the nitrogen 
atoms has an effect on the activity of the complex. It was found that the most active 
compounds were the silver(I)-NHC complexes that featured 2-methyl, 4-diethylamino, or 
3,4-dimethoxy benzyl groups as the nitrogen substituents thus indicating that the choice 
of nitrogen substituent is crucial in terms of designing new antimicrobially active NHC 
complexes. 
Ghosh et al.25 synthesized the silver(I)-NHC complex [1-benzyl-3-t-
butylimidazole-2-ylidine]AgCl and tested its antimicrobial activity against B. subtilis and 
E. coli. This complex was found to be moderately active against B. subtilis but was 
inactive against E. coli. Interestingly, the precursor imidazolium salt was found to be 
inactive against both B. subtilis and E. coli. 
 
4.1.5: Antimicrobial Activities of Gold-NHC Complexes 
It has been known since 1890 that gold compounds have bacteriostatic 
properties.26,27 Moreover, gold therapy is still considered to be the most effective 
treatment for rheumatoid arthritis in modern medicine.28 However, the most notable use 
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of gold is in cancer therapy23 and a variety of triphenylphosphine gold(I) complexes have 
shown to exhibit good antitumor activity.28 Unfortunately, however, the advancements in 
antiumor therapy have been slow to develop due to the toxicity of many of the gold 
complexes.29 As a result, the antimicrobial activity of gold compounds has only been 
studied recently. For example, the gold(I) complex Au(SCN)(PMe3) has been found to be 
effective against E. faecalis and S. aureus.30  
The mechanism involved in the antimicrobial activity of gold(I) complexes is not 
well understood.23 It is however known that many of the ligands, particularly phosphorus 
ligands, that are used in these studies bind very strongly to the gold(I) ion and therefore 
do not undergo ligand dissociation reactions. As a result of the foregoing, it is apparent 
that ligand dissociation does not play an important role in terms of the mechanism of 
action of gold(I) complexes against bacteria. Although the mechanism of action of 
gold(I) as an antimicrobial is not known, some advances have been made. For example, 
Ghosh et al.25 synthesized the gold(I)-NHC complex [1-benzyl-3-t-butylimidazole-2-
ylidine]AuCl. This complex exhibited antimicrobial activity against B. subtilis but had no 
activity against E. coli. The mechanism of action was studied by evaluating the 
morphology of the B. subtilis cells following incubation with the complex. The cells were 
found to increase in length by ~5 μm. In turn this suggested that the gold(I)-NHC blocked 
the cytokinesis step of cell division and thereby inhibited bacterial proliferation. 
Çetinkaya et al.31 reported the first antimicrobially active gold(I)-NHC complexes 
in 2004 (Figure 4-II, LL-QQ). The effect of changing the nitrogen substituents on 
antimicrobial activity was investigated. The most active complex was found to be the 
pMeO-substituted benzyl complex MM which exhibited MIC values of 3.12, 6.25, 3.12, 
and 3.12 μg/mL against P. aeruginosa, A. epidermidis, S. aureus, and E. faecalis, 
respectively. The mesityl-substituted complex OO was also found to be a particularly 
 150 
active complex against S. aureus and E. cloacae. The MIC values were found to be 3.12 
μg/mL for both microorganisms.  
 
Figure 4-II: Gold NHC complexes synthesized by Çetinkaya et al. (LL-QQ) and 
Özdemir et al. (RR-TT). 
 
Corroborating Çetinkaya’s findings, Özdemir et al.32 synthesized gold(I)-NHC 
complexes with a variety of nitrogen substituents and investigated their activities against 
both Gram-positive and Gram-negative bacteria (Figure 4-II, RR-TT). The methoxy 
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substituted complexes RR and TT exhibited the best antimicrobial activities against the 
Gram-positive bacteria S. aureus and E. faecalis (MIC = 12.5 μg/mL). However, only 
poor activity was found against the Gram-negative bacteria tested (MIC = 200-400 
μg/mL). The use of pentamethylbenzyl groups as the substituents on both nitrogen atoms 
(SS) revealed poor activity against both Gram-positive and Gram-negative bacteria (MIC 
= 200-800 μg/mL). 
 
4.1.6: Antimicrobial Activities of QACs and Imidazolium Salts 
It has been known for over a century that quaternary ammonium compounds 
(QACs) possess antibacterial properties.33 QACs have been used, for example, as 
disinfectants for medical equipment and in hospitals.34 Recently it has been recognized 
that an important aspect of the initial attack of a bacterial cell by a QAC involves an 
electrostatic interaction with the phospholipid bilayer.35 Lipophilic side chains disrupt the 
intermolecular interactions of the cellular membrane bilayers and may cause disruption in 
the bilayers, thus compromising the cellular structure.34 In turn, compromising the 
integrity of the cytoplasmic membrane can cause leakage, respiratory inhibition, and 
coagulation of the intracellular material resulting in cell death.36 Given the electrostatic 
nature of the initial phase of the biocidal process, interest has been generated in the 
synthesis and antimicrobial properties of other cationic nitrogen containing molecules 
and polymers.23 Generally speaking, small molecule antimicrobial agents are excellent in 
terms of cell wall diffusion capability.36 In this way, QACs can be regarded as cationic 
surfactants.35 
Lipophilicity can also play an important role in the antimicrobial activity of 
compounds. The antimicrobial activity of QACs is related to the surfactant properties of 
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such compounds.34 It has been postulated that QACs with an alkyl chain below a 
threshold length do not have sufficient surfactant properties to be effective. The ability of 
amphiphilic QACs to form micelle-like aggregates may also greatly influence the 
antimicrobial properties. From this standpoint, it is important to design compounds with 
lipophilic side chains.  
Much of the early work on the antimicrobial behavior of imidazolium salts was 
described by Pernak et al.37 For example, these authors noted a quantitative correlation 
between the MIC value, the critical micelle concentration, and hydrophobicity in the case 
of 3-alkylthiomethyl-1-ethylimidazolium chlorides (Figure 4-III, left). It was found that 
the imidazolium chlorides with alkyl chains of C10H21 and C12H25 showed the best 
activities against the microbes examined. The MIC values ranged from 1.13–11.9 μg/mL 
for the C10H21-substituted salt to 0.69–46 μg/mL for the C12H25 analogue. These results 
suggest that alkyl chains that are too short or too long adversely influence the 
antimicrobial activity of the imidazolium salt.23 
 
 
 
 153 
Figure 4-III: Left: 3-Alkylthiomethyl-1-ethylimidazolium chlorides, Right: 3-
Alkoxymethyl-1-methylimidazolium salts. 
 
In subsequent work by Pernak et al.38 with 3-alkoxymethyl-1-methylimidazolium 
salts (Figure 4-III right), it was shown that the compounds with ten, eleven, twelve, and 
fourteen carbon atoms associated with the alkoxy group exhibited high antimicrobial 
activities. Interestingly, the foregoing results were independent of the type of anion 
employed. 
More recently, Lee et al.34 reported the synthesis and study of two comparable 
series of antimicrobial compounds, namely 1-alkyl-3-hydroxyethyl-3-methylimidazolium 
chlorides (Figure 4-IV, left) and 1-alkyl-3-methylimidazolium halides (Figure 4-IV, 
right). The C14H29-substituted and C16H33-substituted 1-alkyl-3-hydroxyethyl-3-
methylimidazolium chlorides were found to be moderately active against the tested 
organisms. The chloride and bromide salts of the latter class of compounds were found to 
be the most effective antibacterial agents, the preferred alkyl chain lengths for which fell 
in the range of twelve to sixteen carbon atoms. For example, the MIC values for the 
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C14H29-substituted chloride and bromide salts were 4 μg/mL against E. coli, S. aureus and 
B. subtilis. Good activity was also evident for the C16H33-substituted1-alkyl-3-
methylimidazolium bromide, the MIC values for which ranged from 4-8 μg/mL for the 
bacteria tested. 
 
Figure 4-IV: Imidazolium salts synthesized by Lee et al. 
 
In contrast to the foregoing, the antimicrobial activity of the functional polymer 
poly[1-vinyl-3-(2-sulfoethylimidazolium betaine)] (Figure 4-V) was found to be sensitive 
to the nature of the counteranion.39 The anion dependence in this case is attributable to 
anion-dependent changes in the alignment of the polymer chains. The anion changes the 
alignment of the polymer chains and affects the extent of interaction between the 
bacterial cell walls and the polymer. The use of a hydroxide as the counter anion in the 
polymer resulted in the most effective against the bacteria tested, the best of which had a 
MIC of 0.0625 mg/mL. Significant antimicrobial activity was also evident for the 
fluoride, bisulfide, and nitrate derivatives. The nitrate compound had a slightly superior 
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activity (MIC = 2 mg/mL) to that of the standard antibiotic penicillin against P. 
aeruginosa. 
 
 
 
 
 
Figure 4-V: Polymer poly[1-vinyl-3-(2-sulfoethylimidazolium betaine)]. 
 
Çetinkaya et al.40 have examined the antimicrobial activities of several saturated 
analogues of imidazolium salts, namely 1,3-diorganylimidazolidinium salts. These 
authors discovered that, while there was a dependence of activity on the length of the n-
alkyl chains, the attachment of mesityl or mesitylmethyl substituents to the nitrogen 
atoms resulted in the most significant increases of activity toward both Gram-positive and 
Gram-negative bacteria. Interestingly, however, in contrast to the work of Pernak et al.38 
the activities of these derivatives were found to depend on the identity of the counter 
anion. For example, the MIC value for the mesitylmethyl chloride salt was 3.12 μg/mL, 
but upon changing the anion to PF6- or BF4-, the activity was lost.  
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4.1.7: BIAN Antimicrobials 
Given the usefulness of NHC complexes of silver and other metals as 
antimicrobials,23 interest has been generated in exploration of the properties of some of 
the corresponding BIAN-based NHC complexes. The redox capabilities of the BIAN 
ligand class41 could, in principle, be useful for controlling the metal release from e.g. 
antimicrobials and anti-cancer drugs. An additional desirable property common to both 
NHC and BIAN-based NHC ligands is that the nitrogen substituents can be varied over a 
wide range.  
Prior to the present work, there was only one reference to the use of BIAN-
supported antimicrobial compounds. The neutral compounds bis[N-(2,6- 
diisopropylphenyl)imino]acenaphthene (Pr-BIAN), [Co(Pr-BIAN)Cl2], [Co(OAc)2(Pr-
BIAN)2][ClO4], [Ni(Pr-BIAN)(NO3)2] and [Ni(Pr-BIAN)2][ClO4]2 were synthesized by 
El-Ayaan et al.16 The most active of these compounds against S. aureus, E. coli, and C. 
albicans were found to be the two cobalt complexes and the free BIAN ligand. The MIC 
values for these compounds fell within the range 1.7–2.6 mg/mL. Interestingly, bis[N-(p- 
tolylphenyl)imino]acenaphthene, the other BIAN ligand that was tested, was found to be 
inactive, thus suggesting that the antimicrobial activity is dependent upon the steric bulk 
of the nitrogen substituents.  
 
4.1.8: Nanofibers 
Nanofibers are synthetic, non-woven fibers with dimensions of a few microns to a 
few nanometers and can be produced from either synthetic or natural polymers.42 The 
ability to control the properties and functionalization of these nanofibers redners them 
attractive materials for both academic and industrial use. Nanofibers have applications 
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many fields which include optoelectronics, sensor technology, catalysis, filters, tissue 
engineering, and medicine.42-44 
The electrospinning process is a process for spinning synthetic mirofibers from 
polymer solutions and has been in use for the past several years for the fabrication of a 
variety of useful products.43 The electrospinning process begins with a polymer solution 
being loaded into a syringe and subsequently subjected to an applied electric field. As the 
intensity of the electric field is increased, the resulting drop at the tip of the syringe 
assumes a cone shape that is directed toward the counter electrode. This cone is 
commonly referred to as a Taylor cone.45 When the repulsive electrostatic forces 
overcome the surface tension of the solution droplet, a charged jet of solution is ejected 
from the tip of the Taylor cone towards an oppositely charged collector. The solvent 
evaporates from this jet, leaving behind an ultrafine polymer fiber. The nanofibers 
deposit as mats on a collection drum in a random fashion, thereby creating a non-woven, 
fibrous mat.43 Solutions with high surface tensions require a high voltage to initiate the 
formation of the Taylor cone.46 
Electrospun fibers have unusually small diameters that range from 5 μm to 50 
nm.43,47 Variation of the many parameters in the electrospinning process can lead to fibers 
with different diameters, cross-sectional shapes, lengths, and mat thicknesses. Some 
variables in the experiment are the solution concentration and viscosity, the hydrostatic 
pressure in the syringe, the electric potential applied, the distance between the syringe 
and the drum, the temperature and the humidity of the experiment, as well as many other 
factors. Interesting and complex morphologies can be formed, including core-shell and 
hollow fibers.42 The facile control the morphology of the nanofibers makes 
electrospinning the preferred technique in terms of nanofiber production.44 
 
 158 
4.1.9: Nanofibers as Wound Dressings  
A wound needs to be covered in order to promote healing and prevent infection. 
Many materials have been used for this purpose including plant fibers, honey pastes, and 
animal fats.48 Recently, new biopolymers and technologies have made it possible to 
engineer the properties of the wound coverings and thereby accelerate the wound healing 
process.47 The most important properties of wound dressings include absorbability, 
bacterial protection, and oxygen permeability. 
As a result of the nano-morphology of electrospun nanofibers, they are superior to 
conventional materials for use as wound dressings. As an example, burns and abrasions 
are found to heal particularly rapidly if they are covered by nanofibers.49 Moreover, the 
high surface-to-volume ratios of nanofibers makes them effective at absorbing water.47 
Furthermore, the high porosities of the nanofibers are beneficial for increasing the 
oxygen permeation to the wound, thus decreasing the healing time. In particular, the 
nanofiber pores have dimensions that are small enough to allow oxygen and water to pass 
through the fibers, but prevent the ingress of bacteria and other microbes.42 The flexibility 
of the nanofibers also provides excellent conformability to the wound, thus increasing 
coverage and enhancing protection.  
The ability of nanofibers to readily incorporate a variety of bioactive compounds 
renders them particularly attractive materials for use as wound dressings.49 A variety of 
bioactive molecules, including antiseptics, antifungals, and vasodilators can be readily 
incorporated into nanofibers by electrospinning and used in this context.42,47,49 The 
incorporation of bioactive compounds into nanofibers has become an attractive research 
area because the high surface area-to-volume ratio of the nanofibers permits a high 
loading of the bioactive compound. Moreover, the entrapment of the compound in 
nanofibers permits slow release of the drug being used for treatment.50 The sustained 
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release of the antimicrobial and the management of wound exudates in conjunction with 
the appropriate amount of moisture renders nanofibers impregnated with antimicrobials 
particularly attractive.7 
To date, the only prior work on the incorporation of NHC complexes into 
nanofibers is focused on the use of silver(I)-imidazole cyclophane gem-diol complexes 
(Figure 4-VI) encapsulated by electrospun Tecophilic® (medical grade polyurethane) 
nanofibers.19 The resulting nanofiber mats produced by Youngs et al. were found to be 
effective against S. aureus and exhibited activities comparable to 0.5% AgNO3. The fiber 
mats also evidenced antimicrobial activity against E. coli, P. aeruginosa, C, albicans, A. 
niger, and S. cervisiae. Youngs et al. also reported that the encapsulation of the silver(I)-
NHC resulted in an eight-fold increase in the bioavailability of the active silver(I) ion. 
The strong binding of the NHC to the silver(I) and the encapsulation of the compound in 
the nanofibers are both likely contributing factors for the increase in biologically active 
silver(I) ions.22 
 
 
 
 
 
 
Figure 4-VI: Silver(I)-imidazole cyclophane gem-diol complex synthesized by Youngs et 
al. 
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4.1.10: Polyvinyl Alcohol as a Nanofiber Support 
Significant attention needs to be paid to the choice of support for the bioactive 
compounds in the nanofibers since the choice of polymer support has an influence on the 
morphology of the nanofibers that are produced, as discussed in Section 4.1.8. The 
polymer should be soluble in water, biocompatible, compatible with the bioactive 
compound, and stable for long periods of time.42 The resulting fibers should be insoluble, 
electrically conductive, mechanically resilient, adhesive, and should, of course, be 
biocompatible. Electrospun fibers of polyvinyl alcohol (PVA) represent attractive, 
inexpensive scaffolds for the support of bioactive molecules.50 PVA also has been used 
for wound dressings, contact lens fabrication, and drug delivery systems.9,46,51,52 
Moreover, it has also been used both for regenerating artificial articular cartilage and for 
the construction of an artificial pancreas.53  
 
4.2: RESULTS AND DISCUSSION 
4.2.1: Synthesis of Complexes 
The new 4-n-hexyl(BIAN) ligand (4-1) was prepared and, along with the known 
ligands dipp(BIAN), mes(BIAN), pMeO(BIAN) and pF(BIAN), was converted into the 
corresponding imidazolium salt by treatment with methoxy(methyl)chloride at 100 °C. 
The overall imidazolium chloride synthesis is summarized Scheme 4-I. In the foregoing 
reaction, the methoxy(methyl)chloride acted both as the reactant and the solvent. Due to 
the low boiling point of methoxy(methy)chloride (55-57 °C) in comparison with that of 
the reaction temperature, it was necessary to carry out the synthesis in a tightly-sealed 
pressure vessel. Due to the high pressure in the vessel and the extreme toxicity of 
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methoxy(methyl)chloride, it was necessary to take an abundance of care in performing 
this reaction.  
 
Scheme 4-I: Syntheses of Imidazolium Salts. 
 
4-n-Hexyl(BIAN) (4-1) 
The new 4-n-hexyl(BIAN) ligand (4-1) was prepared by treatment of 
acenaphthenequinone with 4-n-hexylaniline in glacial acetic acid, as shown in Scheme 4-
II. Zinc (II) chloride was used as a templating agent. The reaction mixture was refluxed 
for 2 h and upon cooling, the zinc (II) chloride complex of the new BIAN ligand was 
deposited from the reaction mixture as an orange solid. The solution was then washed 
several times with glacial acetic acid and diethyl ether. Decomplexation of zinc was 
carried out by refluxing the 4-n-hexyl(BIAN)[ZnCl2] in an aqueous solution of K2CO3. 
The new 4-n-hexyl(BIAN) ligand was isolated in a high yield (74.2%) as a yellow-orange 
solid. X-ray quality crystals were grown from a THF-hexanes solution. Compound 4-1 
was characterized on the basis of 1H and 13C NMR, MS, HRMS, melting point 
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determination, and single-crystal X-ray diffraction. The 1H, 13C, MS, HRMS, and mp data 
are presented in the Experimental Section (Section 4.4).  The results of the single-crystal 
X-ray diffraction studies are summarized in Section 4.2.2. 
 
Scheme 4-II: 4-n-Hexyl(BIAN) Synthesis. 
 
Mes(BIAN) Imidazolium Chloride (4-2) 
Reaction of the mes(BIAN) ligand with an excess methoxy(methyl)chloride 
resulted initially in the formation of a black-brown solution. After heating the reaction 
vessel to 100°C overnight, a yellow precipitate could be seen in the solution. A simple 
reaction workup afforded the corresponding yellow imidazolium chloride 4-2 in high 
yields (83.4%). X-ray quality crystals of 4-2 were grown directly in the reaction mixture 
and were isolated prior to work-up. Compound 4-2 was characterized on the basis of 1H 
and 13C NMR, MS, HRMS, melting point determination, and single-crystal X-ray 
diffraction. The 1H, 13C, MS, HRMS, and mp data are presented in the Experimental 
Section (Section 4.4).  The pertinent single-crystal X-ray data are presented in Section 
4.2.2. In deuterated chloroform solution the characteristic C-H 1H NMR chemical shift of 
the carbenic carbon proton was detected at δ 11.37 ppm. The observation of a significant 
 
 163 
downfield shift indicates that the C-H proton is therefore deshielded and relatively acidic, 
as observed in the case of other imidazolium salts. 
 
pMeO(BIAN) Imidazolium Chloride (4-3) 
The imidazolium chloride 4-3 was isolated from the reaction of pMeO(BIAN) 
with an excess of methoxy(methyl)choride. An olive-green, analytically pure solid was 
isolated after precipitation from a brown colored solution in 90.5% yield. Compound 4-3 
was characterized on the basis of 1H and 13C NMR, MS, HRMS, melting point 
determination, and single-crystal X-ray diffraction. The 1H, 13C, MS, HRMS, and mp data 
are presented in the Experimental Section (Section 4.4). Unfortunately, despite several 
attempts, it was not possible to grow suitable crystals of 4-3 for X-ray diffraction studies. 
The carbenic carbon proton of 4-3 was significantly shifted downfield to δ 10.11 in the 
1H NMR spectrum of the deuterated DMSO solution. The chemical shift for this 
resonance agrees well with those of other imidazolium salts and indicates that the 
carbenic carbon proton of 4-3 is relatively acidic. 
 
pF(BIAN) Imidazolium Chloride (4-4) 
Treatment of pF(BIAN) with an excess methoxy(methyl)chloride resulted in the 
production of the yellow chloride salt 4-4 in excellent yields (95.8%) following cooling 
and precipitation from the initially formed brown-black solution. Recrystallization of 4-4 
from a DCM-hexanes solvent mixture resulted in the formation of a crop of single 
crystals suitable for X-ray diffraction studies. The analytically pure yellow powder 4-4 
was characterized on the basis of 1H and 13C NMR, MS, HRMS, and melting point 
determination. The crystals of 4-4 were characterized by single-crystal X-ray diffraction. 
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The 1H, 13C, MS, HRMS, and mp data are presented in the Experimental Section (Section 
4.4).  Details of the single-crystal X-ray diffraction studies are summarized in Section 
4.2.2. A deuterated DCM solution of 4-4 exhibited a downfield 1H NMR resonance of δ 
11.23 ppm for the carbenic carbon proton, which is a value that is consistent with those of 
other carbenic carbon protons.  
 
4-n-Hexyl(BIAN) Imidazolium Chloride (4-5) 
The imidazolium salt 4-5 was precipitated as an olive-green powder in good 
yields (71.7%) from the reaction mixture of 4-5 and methoxy(methyl) chloride. X-ray 
quality crystals of 4-5 were found to have grown directly in the reaction mixture and 
were isolated prior to work-up. Compound 4-5 was characterized on the basis of 1H and 
13C NMR, MS, HRMS, melting point determination, and single-crystal X-ray diffraction. 
The 1H, 13C, MS, HRMS, and mp data are presented in the Experimental Section (Section 
4.4).  The results of the single-crystal X-ray diffraction studies are presented in Section 
4.2.2. The presence of the acidic carbenic carbon proton was evident from the detection 
of a downfield chemical shift of δ 11.16 ppm for the deuterated DCM solution. This 
value is in accord with those for other imidazolium salts of this type.  
 
4.2.2: X-ray Diffraction Studies 
4-n-Hexyl(BIAN) (4-1) 
Compound 4-1 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.54 A summary of the data collection details appears in Table 4-iv and 
a list of the metrical parameters is presented in Table 4-viii.  
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Compound 4-1 crystallizes in the monoclinic space group C2/c with four 
molecules contained in the unit cell. An ORTEP view of 4-1 is displayed in Figure 4-VII. 
Interestingly, the asymmetric unit contains half of one molecule of 4-1, the other half 
being related by a 2-fold rotation around the C(6)-C(7) bond in the naphthalene moiety of 
the ligand. The high symmetry was surprising, since the relatively long 4-n-hexyl chains 
were not expected to pack in the molecular crystal with such high long-range order.  
 
Figure 4-VII: ORTEP view of 4-n-hexyl(BIAN) (4-1) accompanied by a partial atom 
numbering scheme. The thermal ellipsoids are drawn at the 50% probability 
level and all hydrogen atoms have been omitted for clarity. 
 
The C(1)-N(1) bond length of 1.2786(17) Å is indicative of the presence of a 
double bond and the C(1)-C(1)i bond length of 1.534(3) Å is consistent with that 
expected for a single bond. The dihedral angle between the phenyl rings of the 
substituents is 70.76°. Spatial contacts of 2.740(1) Å and 2.627(1) Å between the 
nitrogen atoms and the ortho and meta hydrogen atoms of the phenyl ring of the next 
nearest neighbor. The nitrogen atoms are also in close contact (2.707(1) Å) with 
hydrogen atoms on the 4- and 6-positions of the naphthalene moiety of a neighboring 
molecule of 4-1. 
 
N1 N1i
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Mes(BIAN) Imidazolium Chloride (4-2) 
Compound 4-2 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.55 A summary of data collection details appears in Table 4-v and the 
metrical parameters are presented in Table 4-ix.  
Compound 4-2 crystallizes in the monoclinic space group P21/c with four ion-
pairs in the unit cell. An ORTEP view of 4-2 (with the solvent molecule omitted for 
clarity) is presented in Figure 4-VIII. The asymmetric unit also contains one molecule of 
methoxy(methyl)chloride.  
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Figure 4-VIII: ORTEP view of mes(BIAN) imidazolium chloride (4-2) accompanied  by 
a partial atom numbering scheme. The thermal ellipsoids are drawn at the 
50% probability level and all hydrogen atoms except H(1) have been 
omitted for clarity. 
 
The C(1)-N(1) and C(1)-N(2) bond distances of 1.351(3) Å and 1.346(4) Å, 
respectively are indicative of the existence of single bonds with a modicum multiple 
bonding character. Such an outcome is anticipated due to electron delocalization 
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accompanied by the partial electron donation of the nitrogen lone pairs into the empty pz 
orbital of C(1). The N(1)-C(1)-N(2) bond angle of 109.5(2)° is more obtuse than those of 
the other four angles in the five-membered imidazole ring and deviates from that of a 
perfect pentagon angle by 1.5°. The C(2)-N(1) and C(3)-N(2) bond distances of 1.375(3) 
Å 1.390(3) Å, respectively, are indicative of single bonds while the C(2)-C(3) bond 
length of 1.368(4) Å is characteristic of a double bond. As expected, given the rigidity of 
the BIAN framework, the bond distances and angles for 4-2, are very similar to those that 
have already discussed in Section 2.2.2 for the dipp(BIAN) imidazolium chloride salt (2-
1). The only slight difference is that of the C(2)-C(3) bond distance. Specifically, the 2-1 
distance is slightly shorter (1.354(4) Å) than that of 4-2 for which this bond distance is 
1.368(4) Å. The mes substituents of 4-2 were found to be rotated by 67.34° and 71.08° 
with respect to the plane formed by the imidizole ring. These angles deviate significantly 
with respect to the perpendicular in comparison with the corresponding dihedral angles of 
the dipp substituents of 2-1 (88.41° and 86.27°). The mes substituents of 4-2 lack 
sufficient steric bulk to force a perpendicular arrangement with respect to the imidazole 
ring. Further illustrating this point, the dihedral angle between the mes substituents is 
51.24° and is hence larger than that of the dihedral angle for the dipp substituents of 2-1 
(33.88°).  
There is one significant difference in the structures of the anions of the 4-2 and 2-
1 specifically; compound 4-2 crystallizes with a hydrogen dichloride anion rather than a 
chloride anion as the counter ion to the imidazolium cation. Although somewhat rare, 
salts containing hydrogen dichloride have been prepared by e.g. the reaction of crown 
ethers with hydrogen chloride, water, and 18-crown-6 in toluene solution and the reaction 
of an alkali-metal chloride with HCl in aqueous media.56,57 The hydrogen dichloride anion 
of 4-2 is likely formed as a consequence of the harsh reaction conditions that were 
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required for the synthesis of the imidazolium salt in conjunction with the use of 
methoxy(methy)chloride. The crystal that was used for X-ray data collection was taken 
directly from the reaction mixture and was not subjected to work-up solvent washes. The 
proton H(34) of the Cl-H-Cl anion was located in the difference map of the X-ray data as 
residual electron density and was amenable to refinement. The distance between the 
chlorides Cl(1) and Cl(2) is 3.137(1) Å and H(34) was found to be located approximately 
midway between Cl(1) and Cl(2), 1.56(5) Å from Cl(1) and 1.59(5) Å from Cl(2). These 
distances are consistent with those of other hydrogen dichloride anions reported in the 
literature.56,57 In the case of the Cl(1)-H(34)-Cl(2) anion, a slight deviation from linearity 
was observed, the bond angle being 170(3)°. The C(1) proton H(1) and the Cl(1) atom of 
the hydrogen dichloride anion are separated from each other by a distance of 2.52(3) Å. 
The Cl(2) atom of the hydrogen dichloride anion is located at a distance of 2.89(3) Å 
from one of the methyl hydrogen atoms of the mesityl substituents. Another close contact 
involves the Cl atom of the methoxy(methyl) chloride solvent molecule and the hydrogen 
atom on the 2-position of the naphthalene moiety (2.81(3) Å). 
 
pF(BIAN) Imidazolium Chloride (4-4) 
Compound 4-4 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.58 A summary of data collection details appears in Table 4-vi and the 
metrical parameters are presented in Table 4-x.  
Compound 4-4 crystallizes in the monoclinic space group P21/c with four ion-
pairs in the unit cell. An ORTEP view of 4-4 (with omission of the solvent molecule) is 
displayed in Figure 4-IX. The asymmetric unit also contains a disordered molecule of 
DCM solvent. This DCM disorder was modeled successfully.  
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Figure 4-IX: ORTEP view of pF(BIAN) imidazolium chloride (4-4) accompanied  by a 
partial atom numbering scheme. The thermal ellipsoids are drawn at the 
50% probability level and all hydrogen atoms except H(1) have been 
omitted for clarity. 
 
The C(1)-N(1) and C(1)-N(2) bond distances of 1.347(3) Å and 1.345(3) Å, 
respectively represent single bonds accompanied by a modicum of multiple bonding 
character. The N(1)-C(1)-N(2) bond angle of 109.08(2)° is slightly more obtuse than 
those of the other four angles in the five-membered imidazole ring which range in angle 
from 107.10(19)° to 108.33(17)°. The C(2)-N(1) bond distance of 1.383(3) Å and the 
C(3)-N(2) bond distance of 1.383(3) Å both represent single bonds while the C(2)-C(3) 
bond length of 1.371(3) Å is indicative of a double bond. Akin to those of 4-2, the bond 
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distances and angles for 4-4 are also very similar to those of 2-1. The C(2)-C(3) bond of 
4-4 is also longer than that of 2-1. Moreover, the pF substituents are rotated by 45.10° 
and 32.01° with respect to the plane formed by the imidazole ring and therefore deviate 
significantly from perpendicularity. The pF substituents do not have sufficient steric bulk 
to force a perpendicular arrangement as in the case of 2-1. The dihedral angle between 
the pF substituents is 25.12°.  
 The coordination geometry around the chloride anion is also of interest. Two 
chloride anions were found to form a non-bonded bridged dimer-like structure with two 
molecules of 4-2, as illustrated in Figure 4-X. The chlorine, fluorine, nitrogen, carbon, 
and hydrogen atoms are depicted in aquamarine, orange, blue, gray, and white, 
respectively. Completing the core of the dimer-like coordination arrangement, the Cl(1) 
anion is located at a distance of 2.6680(8) Å from the H(1) atom of one cation and 
2.7341(7) Å from the H(1) atom of the other. There are also close contacts with the ortho 
hydrogen of the pF substituent (2.6926(7) Å) and with the ortho hydrogen of the other pF 
substituent (2.7230(8) Å) within the cation. Finally, the meta hydrogen atoms of the pF 
substituent are located at distances of 2.547(2) Å and 2.483(2) Å, respectively from the 
two fluoride ions of the two neighbor pF substituents.  
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Figure 4-X: Packing diagram for 4-3 viewed in a perpendicular fashion (top) and a 
parallel fashion (bottom) with respect to the BIAN moiety. All solvent 
molecules and hydrogen atoms except H(1) and the ortho hydrogen atoms of 
the substituents have been omitted for clarity. 
 
4-n-Hexyl(BIAN) Imidazolium Chloride (4-5) 
Compound 4-5 was structurally characterized on the basis of a single-crystal X-
ray diffraction study.59 A summary of data collection details appears in Table 4-vii and 
the metrical parameters are presented in Table 4-xi.  
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Compound 4-5 crystallizes in the monoclinic space group P21/c. An ORTEP view 
of this compound is presented in Figure 4-XI. The unit cell contains four ion-pairs. 
 
Figure 4-XI: ORTEP view of 4-n-hexyl(BIAN) imidazolium chloride (4-5) along with 
partial atom numbering scheme. The thermal ellipsoids are drawn at the 
50% probability level and all hydrogen atoms except H(1) have been 
omitted for clarity. 
 
The C(1)-N(1) bond distance of 1.339(5) Å and the C(1)-N(2) bond distance of 
1.341(5) Å represent single bonds with a modicum of multiple bonding character and are 
therefore similar to the other imidazolium salts that were discussed earlier. The N(1)-
C(1)-N(2) bond angle of 110.0(4)° is slightly more obtuse than that of the other four 
 
C2 C3
N2N1
C1
H1
Cl1
Cl2
 174 
angles in the five-membered imidazole ring, which range from 106.9(4)° to 108.3(4)°. 
The C(2)-N(1) bond distance of 1.386(5) Å and the C(3)-N(2) bond distance of 1.385(5) 
Å are indicative of the presence single bonds while the C(2)-C(3) bond length of 1.350(6) 
Å is characteristic of a double bond. As in the cases of 4-2 and 4-4, the bond distances 
and angles for 4-4 are very similar to those of 2-1. However, in contrast to 4-2 and 4-4, 
the C(2)-C(3) bond of 4-5 is similar to that of 2-1, within experimental error. The phenyl 
rings of the 4-n-hexyl-phenyl nitrogen substituents were found to be rotated by 33.65° 
from each other thus making angles of 46.13° and 56.15° with respect to the plane 
formed by the imidazole ring.  
Akin to 4-2, the crystal used for X-ray data collection was formed in the reaction 
mixture and isolated prior to the work-up procedure. Not surprisingly, 4-5 also features a 
hydrogen dichloride anion rather than a chloride anion. Unfortunately, the X-ray 
diffraction data were not of sufficient quality for location of the proton of the Cl-H-Cl 
anion in the difference map. The unusually close distance of 3.136(2) Å between Cl(1) 
and Cl(2) is similar to that of 4-2 (3.137(1) Å) and in the pertinent literature 
references.56,57 The similar Cl(1)-Cl(2) separation provides sufficient evidence to support 
the proposal of the existence of a proton between the chlorine atoms of the anion of 4-5. 
The Cl(1) atom lies at a distance of 2.847(1) Å from H(1) and has a close contact 
(2.943(1) Å) with the hydrogen atom located at the 4-postion of the next nearest neighbor 
naphthalene moiety. The Cl(2) atom also has a close contacts (2.829(2) Å) to the 
hydrogen atom of the 6-postion on the next nearest neighbor naphthalene moiety and 
(2.827(2) Å) to the ortho hydrogen atom of the phenyl substituent. 
 
 175 
4.2.3: Solution Antimicrobial Tests of Silver and Gold Complexes of IPr(BIAN) 
Compounds 2-1, 2-3, 2-4, 2-5, and 2-6 (see Section 2.2.1 for a discussion of the 
synthesis and characterization of these complexes) were tested for their antimicrobial 
activities against the Gram-positive bacterial strains Staphylococcus aureus and Bacillus 
subtilis and the Gram-negative bacterial strains Escherichia coli and Pseudomonas 
aeruginosa by determination of their corresponding minimum inhibitory concentration 
(MIC) values in Mueller-Hinton (MH) broth using the procedure described in Section 
4.1.2. Gram-negative bacteria and Gram-positive bacteria differ significantly from each 
other in terms of structure. In particular, the Gram-negative bacteria possess an outer cell 
membrane in addition to the cytoplasmic membrane found in Gram-positive bacteria. The 
extra cell membrane found in Gram-negative bacteria provides an additional protective 
barrier from the environment in comparison with Gram-positive bacteria. As a 
consequence, Gram-negative bacteria are generally more difficult to kill because they are 
more resistant to antimicrobial agents.36 
Compounds 2-1, 2-3, 2-4, 2-5, and 2-6 were dissolved initially in a 4% dimethyl 
sulfoxide (DMSO)-water solution, followed by serial dilutions with the MH broth while 
adding sufficient DMSO to maintain a 2% DMSO concentration in each dilution. The 
serial dilutions resulted in a series of wells ranging in compound concentrations from 2% 
to 0.0039%. An example of the results of a MIC test in the well-plate using E. coli is 
presented in Figure 4-XII. The results of the MIC tests for 2-1, 2-3, 2-4, 2-5, and 2-6 are 
summarized in Table 4-i. 
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Figure 4-XII: Example of the MIC test results using E. coli for compounds 2-1, 2-3, 2-4, 
2-5, and 2-6. 
 
Table 4-i: Minimum inhibitory concentrations (MICs) for 2-1, 2-3, 2-4, 2-5, and 2-6 
Compound 
S. aureas 
(μg/mL) 
B. subtilis 
(μg/mL) 
E. coli 
(μg/mL) 
P. aeruginosa 
(μg/mL) 
IPr(BIAN)AuCl (2-4) 630 630 630 630 
IPr(BIAN)AuOAc (2-6) 630 630 > 20,000 10000 
IPr(BIAN)AgCl (2-3) 310 310 > 20,000 5000 
IPr(BIAN)AgOAc (2-5) 630 1300 10000 10000 
dipp(BIAN) imidazolium  
salt (2-1) 
< 40 < 40 < 40 < 40 
 
 
2-4 
2-6 
2-3 
2-5 
2-1 
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Clearly, the most active antimicrobial for both the Gram-positive and Gram-
negative bacteria is the BIAN imidazolium salt 2-1 with a MIC value of < 40 μg/mL for 
each pathogen. Unfortunately, due to the high concentration range tested, the actual MIC 
values could not be determined for 2-1 for any of the bacteria tested. It was to be 
determined in a second series of MIC tests, and the results of which will be discussed in 
Section 4.2.4. 
The first examples of Ag (I)-substituted NHC complexes featuring antimicrobial 
activity were reported by Youngs et al.,23 as discussed in Section 4.1.4. Comparison with 
the present results (Table 4-i) reveals the MIC values for silver complexes 2-3 and 2-5 are 
higher than those reported by Youngs et al. for activity against both Gram-positive and 
Gram-negative. 
Analogously to the present work, the AgCl complex of 1-benzyl-3-tert-
butylimidazol-2-ylidene reported by Ghosh et al.25 was found to be active against Gram-
positive B. subtilis, (MIC = 25 ± 3.2 μM), as discussed in Section 4.1.4. The silver 
complexes 2-3 and 2-5 that were tested have higher MIC values that that reported by 
Ghosh et al. However, Ghosh et al.’s complex showed no evidence of antimicrobial 
activity against Gram-negative E. coli. The silver acetate complex 2-5 showed marginal 
activity against both Gram-negative bacteria tested (MIC = 10,000 μg/mL). Interestingly, 
and contrary to the activity found for the imidazolium salt 2-1, the precursor imidazolium 
salt synthesized by Ghosh et al. was found to be inactive.  
The corresponding AuCl complex reported by Ghosh et al.25 was found to be 
more active against B. subtilis (MIC = 15 ± 2.3 μM) than the AgCl analogue. Çetinkaya 
et al.31 synthesized and explored the antimicrobial behavior of gold salts of the general 
type [Au(NHC)2][Cl] (depicted in Figure 4-III) in which the NHCs were imidazolidine-2-
ylidenes bearing alkyl or aryl-N-substituents, as discussed in Section 4.1.5. A marked 
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dependence was noted on the nature of the nitrogen substituents in the sense that 
changing the para substituent of the N-benzyl groups resulted in substantial differences in 
activity with respect to both Gram-positive and Gram-negative bacteria. Thus, while the 
para-trimethoxyphenyl and para-tert-butylphenyl derivatives exhibited MIC values of 
12.5 μg/mL toward S. aureus, that of the para-pentamethylphenyl analogue was 200 
μg/mL, which is comparable to those found in the present work for 2-4 and 2-6 (630 
μg/mL).  
In the most recent work by Özdemir et al.,32 three substituted benzimidazole 
gold(I) chloride complexes were synthesized and tested against a selection of Gram-
positive and Gram-negative bacteria, as discussed in Section 4.1.5. A marked dependence 
of antimicrobial activity on the nature of the N-aryl substituents was evident. Thus, while 
the bis(trimethoxybenzyl) and the trimethoxybenzyl/para- tert-butyl derivatives exhibited 
MIC values of 12.5 μg/mL, that of the bis(pentamethyl)benzyl analogue was 200 μg/mL 
which is comparable with the 630 μg/mL MIC values found for 2-4 and 2-6 in the present 
work. 
Based on the foregoing, the silver and gold complexes of the IPr(BIAN) ligand 
are somewhat effective against the bacteria tested. It is clear that more attention needs to 
be paid to the imidazolium salts of the IPr(BIAN) NHC.  
 
4.2.4: Solution Antimicrobial Activities of Imidazolium Salts Based on the BIAN 
Ligand 
Since the initial phase of the attack of bacterial cell walls by antimicrobials is 
believed to be electrostatic in nature36 it was thought that the use of cationic BIAN 
species might prove to be advantageous. This premise was supported by the initial MIC 
results that were obtained using compounds 2-1, 2-3, 2-4, 2-5, and 2-6. Since it has been 
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noted in the literature16,37,38,41 that the substituents attached to nitrogen atoms have a 
marked effect on the antimicrobial activity, it was considered necessary to investigate this 
finding using the BIAN ligand framework and the known efficacy of the imidazolium salt 
based on the dipp(BIAN) ligand. Accordingly, the IPr(BIAN) imidazolium chloride 2-1 
and mes(BIAN) imidazolium chloride 4-2 were chosen for investigation of the 
consequences of using bulky nitrogen substituents. Moreover, the pMeO(BIAN) and 
pF(BIAN) imidazolium chlorides 4-3 and 4-4 were selected in order to explore the 
sensitivities of their antimicrobial activities to the presence of electron donating and 
electron withdrawing groups on the nitrogen substituents. 
It has also been noted that long lipophilic side chains are beneficial for increasing 
the activities of antimicrobial compounds.37 Accordingly, a long alkyl chain imidazolium 
salt 4-5 was synthesized to probe the possible influence of the presence of long alkyl 
chains on the para positions of the N-aryl groups.  
Compounds 2-1, 4-2, 4-3, 4-4, and 4-5 were dissolved initially in a dimethyl 
sulfoxide (DMSO)-water solution, followed by serial dilutions with the MH broth while 
adding sufficient DMSO in order to maintain a 2% DMSO concentration in each dilution. 
The serial dilutions resulted in wells that ranged in compound concentration from 
0.03125% to 6 x 10-6%. An example of the results of the MIC test that was carried out in 
the well-plate using P. auroginosa is shown in Figure 4-XIII. The results of the MIC tests 
for 2-1, and 4-2 – 4-5 are summarized in Table 4-ii. 
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Figure 4-XIII: Example of the MIC test results using P. auroginosa for compounds 2-1, 
and 4-2 – 4-5. 
 
Table 4-ii: Minimum inhibitory concentrations (MICs) for 2-1, and 4-2 – 4-5 
Imidazolium Chloride 
Salt 
S. aureas 
(μg/mL) 
B. subtilis 
(μg/mL) 
E. coli 
(μg/mL) 
P. aeruginosa 
(μg/mL) 
dipp(BIAN) 2-1 < 0.6 < 0.6 39 39 
mes(BIAN) 4-2 < 0.6 < 0.6 78 39 
pOMe(BIAN) ) 4-3 1.2 4.9  310 > 310 
pF(BIAN) ) 4-4 20 39 > 310 > 310 
4-n-hexyl(BIAN) 4-5 9.8 9.8 > 310 > 310 
 
 
2-1 
4-4 
4-5 
4-2 
4-3 
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The importance of the presence of a positive charge on BIAN-supported 
antimicrobials is highlighted by the report that the MIC values for the neutral compound 
Pr-BIAN against S. aureus and E. coli are 2100 and 2000 μg/mL, respectively.16 All of 
the salts that were tested were found to be significantly more active against the Gram-
positive bacteria S. aureus (MIC = < 0.6 – 39 μg/mL) and the salts 2-1, 4-2, and 4-3 were 
more effective against the Gram-negative bacteria E. coli (MIC = 39 – 310 μg/mL) than 
the neutral ligand Pr(BIAN) reported by El-Ayaan et al., as discussed in Section 4.1.7. 
The most obvious features of the antimicrobial efficacy data presented in Table 4-
ii are the exceptionally high activities of dipp(BIAN) imidazolium chloride 2-1 and 
mes(BIAN) imidazolium chloride 4-2 toward the Gram-positive bacteria S. aureus and B. 
subtilis. In both cases, the MIC values are < 0.6 μg/mL. It is also noteworthy that, while 
the MIC values are larger for the Gram-negative bacteria E. coli and P. aeroginosa, 2-1 
and 4-2 are still the most active imidazolium salts. The lower bactericidal activity toward 
the Gram-negative bacteria is presumably a consequence of their more complex, less 
porous cell wall structures.36 As discussed in Section 4.1.6, early work by Pernak et al.37 
established that the MIC values for N-alkylthiomethyl-substituted imidazolium salts are 
dependent upon the length of the hydrocarbon chain attached to the cation. Somewhat 
similar results have been reported more recently by Lee et al.34 Çetkinkaya et al.40 
discovered that the attachment of mesityl or mesitylmethyl substituents to the nitrogen 
atoms resulted in the most significant increase of activity towards both Gram-positive 
and Gram-negative bacteria. The MIC value for the mesitylmethyl chloride salt was 
found to be 3.12 μg/mL which his much higher than those found in the present results. 
The fact that the MIC values for pMeO(BIAN) 4-3 against S. aureus and B. 
subtilis are less than those for pF(BIAN) 4-4 may be due to the stabilization of 4-3 by 
electron donation from the methoxy substituent. This finding is supported by the results 
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of Çetinkaya et al.31 that were discussed in Section 4.1.6. Çetinkaya et al. investigated the 
influence of various nitrogen substituents on antimicrobial activity and found that the 
most active complex was the pMeO-substituted benzyl complex, which exhibited MIC 
values of 3.12 μg/mL against both S. aureus and P. aeruginosa. On the other hand, 
compound 4-4 was found to be relatively ineffective against the Gram-negative bacteria 
that were tested since the MIC values were found to lie outside the dilution range (> 310 
μg/mL). The pMeO-substituted BIAN imidazolium salt 4-3 was found to be active 
against the Gram-negative bacteria E. coli. However, the activity of 4-3 against P. 
aeruginosa fell outside the dilution range. 
The inclusion of long, lipophilic side chains on the BIAN imidazolium salt had a 
minimal effect on the activity of the new compounds. Thus, the 4-n-hexyl-subsituted 
BIAN imidazolium chloride was found to be more active than the pF-substituted salt 4-4, 
but less active than the pMeO- (4-4), dipp- (2-1), and mes- (4-2) substituted BIAN 
imidazolium salts. In turn, this result suggests that bulky nitrogen substituents may be 
more important for increasing the activity of the BIAN antimicrobial salts than the 
introduction of long, lipophilic chains.  
 
4.2.5: Synthesis of Nanofibers Containing Gold-NHC Complexes 
Nanofibers were electrospun from solutions of the gold complexes 2-4 and 2-6 
and polyvinyl alcohol. Figure 4-XIV displays a scanning electron microscope (SEM) 
image of the electrospun nanofiber composite incorporating compound 2-4. The 
nanofibers were formed from a mixture of 1 mg/mL of compound 2-4 and 5% w/v PVA. 
The nanofibers prepared from the 2-4/PVA solution consisted of homogeneous, even 
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nanofibrous mats with diameters that ranged between 250 and 300 nm. No granules were 
evident on the fibers. 
 
Figure 4-XIV: SEM micrograph of compound 2-4/PVA nanofibers, magnification 2700x. 
Inset magnification, 13000x. 
 
4.2.6: Nanofiber Antimicrobial Activities 
Initially, the antimicrobial activities of the 2-4/PVA and 2-6/PVA composite 
solutions were tested for efficacy against the Gram-positive bacteria S. aureus, B. subtilis, 
and M. leuteus and the Gram-negative bacteria S. typhi, E. coli, P. auroginosa, E. 
faecalis, and P. vulgaris. The fungal strains S. cervisiae and C. albicans were also 
examined. The antimicrobial activity toward each organism was evaluated using the zone 
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of inhibition test, as described in Section 4.1.2. The standard antibiotic sensitivity discs, 
tetracycline, erythromycin, and cephazolin, were used for comparison with the activities 
of 2-4 and 2-6. Neither composite exhibited any activity against the Gram-negative 
bacteria or either of the fungal strains tested. The inhibition zone diameters for the 
composites and the standard antibiotics are presented in Table 4-iii for the Gram-positive 
bacteria. The activity of the nanofiber composite 2-4/PVA was found to be of comparable 
potency to those of the standard antibiotics. The 2-6/PVA composite exhibited no activity 
against the Gram-positive bacteria tested herein. 
 
Table 4-iii: Inhibition zone diameters for tested composites and standard antibiotics 
Antimicrobial Tested S. aureas B. subtilis M. leuteus 
2-4/PVA composite 19 ± 1 mm 16 ± 1 mm 24 ± 1 mm 
2-6/PVA composite 0 0 0 
Tetracycline 17 ± 1 mm 12 ± 1 mm 17 ± 1 mm 
Erythromycin 26 ± 1 mm 26 ± 1 mm 34 ± 1 mm 
Cephazolin 18 ± 1 mm 11 ± 1 mm 12 ± 1 mm 
 
After it was discovered that the 2-4/PVA composite exhibited good antimicrobial 
activity against the Gram-positive bacteria tested, the nanofiber mats that had been made 
by electrospinning the 2-4/PVA composite were tested for their antimicrobial activities 
using the zone of inhibition test.  
Figure 4-XV shows the local environment that was produced as a result of using 
the electrospinning technique for nanofiber production (right) compared with the 
unloaded, solution-phase composite that diffuses through the agar plate (left). The plates 
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were cultivated with M. leuteus and the measurements were made after 1 and 5 days. The 
plates were re-examined after four weeks in order to check that compound 2-4 had not 
been released from the nanofibers. No release of the bioactive compound from the fiber 
was detected after the four-week period, as confirmed by comparison of the nonlocalized 
zone (Figure 4-XV, left) with the localized zone (Figure 4-XV, right). In the solution test 
using the composite solution of 2-4 and PVA, compound 2-4 was found to diffuse easily 
through the agar, as evidenced by the antimicrobial activity outside the treated area, 
resulting in non-localized activity. By contrast, the nanofibrous mats produced from the 
electrospinning of 2-4/PVA composites resulted in a localized system and the 
antimicrobial effect was only detectable only below the fibers and did not spread outside 
the treated area. On this basis, it was clear that the new nanofibers have the ability to hold 
and entrap compound 2-4. Therefore, the localized activity of the new nanofiber 
composite represents a significant advantage with respect to the unloaded solution phase 
mixture for applications such was wound dressings. 
 
Figure 4-XV: Antimicrobial assays of the compound 2-4/PVA composite before (left) 
and after (right) electrospinning. 
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4.2.7: Future Studies 
It would be interesting to investigate the antimicrobial activity of the copper(I) 
chloride complex 2-2. The anticancer effectiveness of the gold complexes 2-4 and 2-6 
would also be of interest. Due to the excellent antimicrobial activity of 2-1 and 4-2, it 
would also be interesting to investigate the antimicrobial activities of these salts when 
incorporated into nanofibrous mats. Lastly, the mammalian toxicity of the compounds 
discussed herein should be determined before any serious applications of the 
antimicrobial complexes are discussed. 
 
4.3: CONCLUSION 
Four new bis(imino)acenaphthene (BIAN) imidazolium chlorides have been 
prepared and structurally characterized by single-crystal X-ray diffraction. The first 
examples of silver(I) and gold(I) antimicrobial compounds supported by the BIAN ligand 
class and the antimicrobial properties of five BIAN imidazolium chlorides are also 
reported. These compounds have been tested for their antimicrobial activities against the 
Gram-positive bacteria S. aureus and B. subtilis and the Gram-negative bacteria E. coli 
and P. aerginosa. In terms of Minimum Inhibitory Concentration (MIC) values, the most 
active compounds against both Gram-positive and Gram-negative bacteria are the 
imidazolium salts. The MIC values of < 0.6 μg/mL for the N(2,6-diisopropylphenyl)- and 
N(mesityl)-substituted salts against S. aureus and B. subtilis imply that these compounds 
are particularly effective antimicrobials. Although the MIC values for these imidazolium 
salts are higher against the Gram-negative bacteria, they are still the most active of the 
imidazolium salts that were tested. Comparison of the MIC values for the AgCl and 
AgOAc ligated complexes reveals that their activities against Gram-positive S. aureus are 
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similar to that of AgNO3. On the other hand, these complexes are significantly less active 
toward Gram-negative E. coli and P. aeroginosa. 
The incorporation of two BIAN-supported N-heterocyclic carbene gold(I) 
complexes into nanofibers by electrospinning PVA composites was successful. 
Nanofibers containing IPr(BIAN)AuCl exhibit localized activity against three of the 
Gram-positive strains tested. Moreover, the activity of the nanofiber composite described 
herein is comparable to those of standard antibiotics. None of the nanofiber composites 
exhibited any antifungal activity. 
 
 4.4: EXPERIMENTAL 
4.4.1: General Procedures 
All manipulations and reactions were performed under a dry, oxygen-free argon 
atmosphere using standard Schlenk techniques or in an argon-filled, catalyst scrubbed M-
Braun or Vacuum Atmospheres drybox. All glassware was oven-dried for at least 24 h at 
120°C and vacuum- and argon flow-degassed prior to use. The solvents THF, hexanes, 
and diethyl ether were dried over sodium and benzophenone and then freshly distilled 
prior to use. Toluene was dried over molten sodium and freshly distilled prior to use. 
Dichloromethane was dried over calcium hydride and freshly distilled prior to use.  
All commercial reagents were used without further purification. The compounds 
dipp(BIAN),60 mes(BIAN),60 pOMe(BIAN),61 and pF(BIAN)62 were synthesized 
according to literature procedures. 
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4.4.2: Physical Measurements 
All 1H and 13C{1H} NMR spectra were recorded at 295 K in the indicated solvent 
on a Varian Unity + 300 (1H, 300 MHz; 13C 75 MHz), a Varian AS400 spectrometer (1H, 
400 MHz; 13C 100 MHz), or a Varian INOVA 500 spectrometer (1H, 500 MHz; 13C 125 
MHz), immediately following sample preparation. Deuterated solvents were obtained 
from Cambridge Isotopes and stored over 4 Å molecular sieves prior to use. Chemical 
shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00) using 
solvent resonances as internal standards. The FTIR spectra were obtained on a Perkin-
Elmer Spectrum BX system. The melting points of the new compounds were obtained on 
a Fischer-Johns apparatus and are uncorrected. Low-resolution CI mass spectra were 
obtained on a Thermo Scientific TSQ Quantum GC mass spectrometer and high-
resolution mass spectra were recorded on a magnetic sector Waters Autospec Ultima 
instrument.  
 
4.4.3: Single-Crystal X-ray Crystallography 
Single crystal samples were covered in mineral oil and mounted on a nylon thread 
loop. The X-ray data were collected on either a Nonius Kappa CCD diffractometer at 153 
K using an Oxford Cryostream low temperature device, a Rigaku AFC12 diffractomer 
with a Saturn 724+ CCD at 100 K using a Rigaku XStream low temperature device, or a 
Rigaku SCX-Mini diffractometer with a Rigaku XStream low temperature device 
operating at 153 K. All instruments were equipped with a graphite monochromated 
MoKα radiation source (λ = 0.71073 Å). The data reduction was performed with either 
DENZO-SMN or Rigaku Americas Corporation’s Crystal Clear version 1.40 or 2.0. All 
the new structures were solved by direct methods and refined by full-matrix least squares 
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on F2 with anisotropic displacement parameters for the non-H atoms using the SHELXTL 
PLUS 5.0 (PC) software package63 and PLATON.64 The hydrogen atoms attached to 
carbon were calculated in idealized positions and refined using a riding model and 
general isotropic thermal parameters. 
 
4.4.4: Synthesis of Compounds 
4-n-Hexyl(BIAN) (4-1) 
A 100 mL round bottom flask was charged with acenaphthenequinone (0.200 g, 
1.098 mmol), 4-n-hexylaniline (0.470 mL, 2.41 mmol) and anhydrous ZnCl2 (0.224 g, 
1.644 mmol). Glacial acetic acid (20 mL) was added slowly. The yellow-orange 
suspension was refluxed for 2 h, following which it was cooled to room temperature. The 
reaction mixture was filtered and washed with glacial acetic acid (2 x 15 mL) followed 
by diethyl ether (3 x 20 mL). The resulting orange solid was added to a 100 mL round 
bottom flask and refluxed for 2 h with 15 mL of a K2CO3 solution (10 g K2CO3 in 15 mL 
of H2O). The solution was cooled to room temperature and extracted with methylene 
chloride (3 x 20 mL). The organic layer was washed with water (3 x 15 mL) and finally 
dried over MgSO4. The solvent was removed under reduced pressure to afford a yellow-
orange analytically pure powder (0.398 g, 72.4%). Crystals of 4-1 suitable for X-ray 
diffraction studies were grown from a saturated THF-hexanes solution of 4-1 that had 
been stored at ambient temperature for 7 days. 
MS (CI+, CH4): m/z 501 [M + H]+ (+H); HRMS (CI+, CH4): calcd for C36H40N2 m/z 
500.3191; found, 500.3171; 1H NMR (CDCl3): δ 0.90 (t, 6H, -CH3), 1.32–1.40 (m, 12H, -
CH2-CH2-CH2-), 1.69 (quin, 4H, -CH2), 2.67 (t, 4H, -CH2), 6.86 (d, 2H, Naph-H), 7.02 (d, 
4H, Ar-H), 7.24 (d, 4H, Ar-H), 7.33 (t, 2H, Naph- H), 7.85 (d, 2H, Naph-H); 13C NMR 
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(CDCl3): δ 14.07, 22.63, 28.95, 31.47, 31.72, 35.50, 118.13, 123.81, 127.51, 128.70, 
128.73, 129.23, 131.18, 139.01, 141.65, 149.42, 161.29; mp: 136–138 °C. 
 
Mes(BIAN) Imidazolium Chloride (4-2) 
Mes(BIAN) (0.200 g, 0.48 mmol) and methoxy(methyl)chloride (3.22 g, 40.0 
mmol) were added to an argon-flushed thick-walled reaction vessel. The vessel was 
sealed and the reaction mixture was stirred at 100 °C for 16 h, during which time the 
appearance of the reaction mixture changed from a murky black suspension to a clear 
dark red solution. Cooling the reaction mixture to ambient temperature and the 
subsequent addition of 10 mL of diethyl ether resulted in the formation of a yellow 
precipitate. The resulting precipitate was filtered off and washed with 50 mL of diethyl 
ether and dried in vacuo to afford 4-2 as an analytically pure yellow powder (0.186 g, 
83.4%). X-ray quality single crystals were obtained from the reaction mixture and stored 
in diethyl either until data collection. 
MS (CI+, CH4): m/z 429 [M + H]+ (-Cl); HRMS (CI+, CH4): calcd for C31H29N2 m/z 
429.2331; found, 429.2325; 1H NMR (CDCl3): δ 2.30 (s, 12H, Ar-CH3), 2.40 (s, 6H, Ar- 
CH3), 7.12 (s, 4H, Ar-H), 7.27 (d, 2H, Naph-H), 7.54 (d of d, 2H, Naph-H), 7.95 (d, 2H, 
Naph-H), 11.37 (s, 1H, C-H); 13C NMR (CDCl3): δ 17.89, 21.26, 122.81, 123.50, 128.14, 
129.74, 129.83, 130.09, 130.21, 134.13, 136.58, 141.37, 142.52; mp (decomp): 256–259 
°C. 
 
pMeO(BIAN) Imidazolium Chloride (4-3) 
Methoxy(methyl)chloride (3.22 g, 40.0 mmol) and pMeO(BIAN) (0.216 g, 0.55 
mmol) were added to an argon-flushed thick-walled reaction vessel. The reaction mixture 
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was stirred and heated to 100 °C for 16 h, following which the solution was cooled to 
ambient temperature. An olive-green precipitate became apparent after 10 mL of diethyl 
ether had been added to the reaction mixture. The resulting solid was filtered off and 
washed with 50 mL of diethyl ether, then dried under reduced pressure to afford 4-3 as an 
analytically pure olive green powder (0.220 g, 90.5%).  
MS (CI+, CH4): m/z 405 [M + H]+ (-Cl); HRMS (CI+, CH4): calcd for C27H21N2O2 
m/z 405.1603; found, 405.1600; 1H NMR [(CD3)2SO]: δ 3.93 (s, 6H, -CH3), 7.36 (d, 4H, 
Ar-H), 7.71 (d of d, 2H, Naph-H), 7.84 (d, 2H, Naph-H), 8.04 (d, 4H, Ar-H), 8.15 (d, 2H, 
Naph-H), 10.11 (s, 1H, C-H); 13C NMR [(CD3)2SO]: δ 55.83, 115.53, 122.86, 123.57, 
125.22, 126.72, 128.27, 129.40, 129.50, 130.06, 135.05, 138.43, 160.70; mp (decomp): 
193–195 °C. 
 
pF(BIAN) Imidazolium Chloride (4-4) 
An argon-flushed thick-walled reaction vessel was charged with pF(BIAN) (0.211 
g, 0.572 mmol) and methoxy(methyl)chloride (3.22 g, 40.0 mmol). The reaction mixture 
was heated to 100 °C and stirred for 16 h. Cooling the reaction mixture to ambient 
temperature and the subsequent addition of 10 mL of diethyl ether resulted in the 
formation of a yellow precipitate. This precipitate was filtered off and washed with 50 
mL of diethyl ether and dried in vacuo to afford 4-4 as an analytically pure yellow 
powder (0.229 g, 95.8%). Crystals suitable for X-ray diffraction experiments were grown 
from a saturated DCM-hexanes solution stored at -40 °C. 
MS (CI+, CH4): m/z 381 [M + H]+ (-Cl); HRMS (CI+, CH4): calcd for C25H15N2F2 
m/z 381.1203; found, 381.1195; 1H NMR (CD2Cl2): δ 7.49 (d, 4H, Ar-H), 7.68 (t, 2H, 
Naph-H), 7.84 (d, 2H, Naph-H), 8.08 (d, 2H, Naph-H), 8.38 (d, 4H, Ar-H), 11.23 (s, 1H, 
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C-H); 13C NMR [(CD3)2SO]: δ 117.55, 117.74, 122.63, 123.93, 126.36, 126.43, 128.35, 
129.43, 129.46, 130.34, 135.15, 139.31, 161.89, 163.87; mp (decomp): 274–276 °C. 
 
4-n-Hexyl(BIAN) Imidazolium Chloride (4-5) 
An argon-flushed thick-walled reaction vessel was charged with 4-1 (0.213 g, 
0.425 mmol) and methoxy(methyl)chloride (3.22 g, 40.0 mmol). The reaction vessel was 
sealed and the reaction mixture was stirred at 100 °C for 16 h. Cooling the reaction 
mixture to ambient temperature and the subsequent addition of 10 mL of diethyl ether 
resulted in the formation of an olive-green/brown precipitate. The resulting precipitate 
was filtered off and washed with 50 mL of diethyl ether and dried in vacuo to afford 4-5 
as an analytically pure olive-green powder (0.167 g, 71.7%). Single crystals suitable for 
X-ray diffraction experiments were deposited from the reaction mixture and stored in 
diethyl either until data collection. 
MS (CI+, CH4): m/z 513 [M + H]+ (-Cl); HRMS (CI+, CH4): calcd for C37H41N2 m/z 
513.3270; found, 513.3260; 1H NMR (CD2Cl2): δ 0.92 (t, 6H, -CH3), 1.34–1.44 (m, 12H, 
-CH2-CH2-CH2-), 1.72 (quint, 4H, -CH2), 2.77 (t, 4H, -CH2), 7.54 (d, 4H, Ar-H), 7.60 (d 
of d, 2H, Naph-H), 7.78 (d, 2H, Naph-H), 8.00 (d, 2H, Naph-H), 8.17 (d, 2H Ar-H), 
11.16 (s, 1H, C-H); 13C NMR (CD2Cl2): δ 14.19, 22.93, 29.34, 31.54, 32.00, 35.99, 
123.55, 123.67, 124.01, 128.20, 130.18, 130.66, 130.69, 132.07, 135.78, 138.68, 146.81; 
mp (decomp): 218–221 °C. 
 
4.4.5: Nanofiber Preparation 
Hydrolyzed (99%) PVA granules with an average molecular weight of 130,000 
were purchased from Aldrich Chemical (Milwaukee, WI). The preparation of the 
 193 
electrospun fibers, which incorporated compounds 2-4 and 2-6, was accomplished by 
electrospinning aqueous solutions of 5% w/v PVA and either compound 2-4 or 2-6 in a 
final concentration of 1 mg/mL in PVA at a potential of 20 kV. The electrospinning 
apparatus comprised a hypodermic syringe, a graphite electrode, an aluminum collecting 
drum, and a high voltage supply. A high flow rate of 0.7 mL/hour was maintained by 
connecting a syringe pump to the hypodermic syringe. 
 
4.4.6: Solution Antimicrobial Studies 
The antimicrobial activities were determined using the Microtiter-Based 
Minimum Inhibitory Concentration (MIC) Test. The stock solutions of test compounds 
were prepared with DI water supplemented with dimethyl sulfoxide (DMSO). S. aureus 
ATCC 6538, B. subtilis ATCC 19659, E. coli ATCC 11229 and P. aeruginosa ATCC 
15442 were grown to approximately 105 CFU/mL in Mueller-Hinton broth. The 
concentrations of the tested compounds ranged from 2% to 0.000006% using the 
Mueller-Hinton broth as the diluent, and supplemented with DMSO to a final 
concentration of 2%. The plates were incubated at 36.0 ± 1 °C for 18–24 h. The MIC 
value was taken to be that of the last well in the dilution series that did not exhibit growth 
as determined on the basis of turbidity. 
 
4.4.7: Nanofiber Composite Antimicrobial Studies 
The microbial organisms used in the present study included the Gram-positive 
bacteria S. aureus NRRL B-313, B. subtilis NRRL B-543, and M. leuteus and the Gram-
negative bacteria S. typhi, E. coli JM DSM 3949, P. auroginosa, E. faecalis, and P. 
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vulgaris. The fungal strains S. cervisiae BY 4741 and C. albicans NRRL Y-477 were 
also examined. 
The antimicrobial activity toward each microbial organism was evaluated in a 1 
millimolar aqueous solution of the microorganism using the modified agar diffusion 
technique.65 The standard antibiotic sensitivity discs, tetracycline, erythromycin, and 
cephazolin, at a concentration of 15 μg/disc were used for comparison with the activities 
of 2-4 and 2-6. The tested bacterial and fungal strains were sustained on nutrient agar in 
ISP-2 media at 37°C and 26°C, respectively. Prior to each assay, the various strains were 
cultivated in the appropriate broth media for at least 12 hours using a reciprocal shaker 
operating at 150 rpm. Samples of 1 mL were withdrawn each hour and the growth rate 
was determined by measuring the optical densities of the growing cells versus that of the 
growth medium at a wavelength of 623 nm. When the growth rate reached the 
exponential phase, the cells were used to inoculate the agar media, thereby achieving a 
cell concentration of 0.015/mL. Next, the medium was poured onto 9 mm agar plates, 
thus forming agar layers of 3.5–4.5 mm. After solidification, wells of 10 mm in diameter 
were cut in the agar plates using a sterile cork borer and 0.1 mL of the stock solution was 
poured into each well. The agar plates were then incubated at 4°C for 1 hour to ensure 
that diffusion of the tested compounds had occurred. Following this, the bacterial and 
fungal strains were incubated for 24 hours at 37°C and 26°C, respectively. The diameter 
of each resulting inhibition zone was measured following incubation. 
 
4.4.8: Nanofiber Mat Antimicrobial Studies 
The agar plates were prepared and inoculated with the test strains as described 
above. Following this, the newly prepared nanofibers were cut into rectangles of 
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dimension 1 × 2 cm, after which they were placed carefully on top of the agar plates with 
the aid of sterile forceps. The plates were then incubated at 4°C for 1 hour to ensure that 
diffusion of the tested compounds had occurred. Subsequently, the plates were incubated 
for 24 hours at 37°C and 26°C for the bacterial and fungal strains, respectively. 
Following incubation, the nanofibers were partially removed by means of sterile forceps 
and the area of each plate was investigated for localized antibacterial activity. 
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4.5: APPENDIX 
4.5.1: Tables of Crystallographic Details and Structure Refinement Data 
Table 4-iv: Crystallographic details and structure refinement data for 4-n-hexyl(BIAN) 
(4-1) 
Empirical formula C36H40N2  
Formula weight 500.70  
Temperature 100(2) K  
Wavelength 0.71075 Å  
Crystal system Monoclinic  
Space group C2/c  
Unit cell dimensions a = 31.987(3)Å α = 90° 
 b = 9.0070(9) Å β = 105.809(4)° 
 c = 10.3906(10) Å γ =  90° 
Volume 2880.4(5) Å3  
Z 4  
Density (calculated) 1.155 Mg/m3  
Absorption coefficient 0.066 mm-1  
F(000) 1080  
Crystal Size 0.24 x 0.18 x 0.06 mm3  
Theta range for data collection 3.00 to 27.48°  
Index ranges -41<=h<=41, -11<=k<=11, -13<=l<=13  
Reflections collected 29622  
R(int) 0.0602  
Completeness to theta = 26.00° 99.8 %  
Max. and min. transmission 0.9960 and 0.9842  
Data/restraints/parameters  3304 / 0 / 174  
Goodness-of-fit on F2 1.325  
Final R indices [I>2σ(I)] R1 = 0.0502, wR2 = 0.1154  
R indices (all data) R1 = 0.0640, wR2 = 0.1226  
Largest diff. peak and hole 0.241 and -0.193 e.Å-3  
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Table 4-v: Crystallographic details and structure refinement data for the mes(BIAN) 
imidazolium chloride (4-2) 
Empirical formula C33H35Cl3N2O  
Formula weight 581.98  
Temperature 100(2) K  
Wavelength 0.71075 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 12.7377(12) Å α = 90° 
 b = 14.4165(13) Å β = 91.280(3)° 
 c = 16.2893(14) Å γ =  90° 
Volume 2990.5(5) Å3  
Z 4  
Density (calculated) 1.293 Mg/m3  
Absorption coefficient 0.335 mm-1  
F(000) 1224  
Crystal Size 0.16 x 0.14 x 0.11 mm3  
Theta range for data collection 3.00 to 25.00°  
Index ranges -15<=h<=14, -17<=k<=17, -19<=l<=13  
Reflections collected 24514  
R(int) 0.1143  
Completeness to theta = 26.00° 98.2 %  
Max. and min. transmission 0.9640 and 0.9483  
Data/restraints/parameters  5172 / 0 / 492  
Goodness-of-fit on F2 1.043  
Final R indices [I>2σ(I)] R1 = 0.0529, wR2 = 0.1263  
R indices (all data) R1 = 0.0676, wR2 = 0.1375  
Largest diff. peak and hole 0.294 and -0.298 e.Å-3  
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Table 4-vi: Crystallographic details and structure refinement data for the pF(BIAN) 
imidazolium chloride (4-4) 
Empirical formula C26H17Cl3F2N2  
Formula weight 501.77  
Temperature 100(2) K  
Wavelength 0.71075 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 10.104(3) Å α = 90° 
 b = 24.514(7) Å β = 94.103(3)° 
 c = 9.243(2) Å γ =  90° 
Volume 2283.6(10) Å3  
Z 4  
Density (calculated) 1.459 Mg/m3  
Absorption coefficient 0.435 mm-1  
F(000) 1024  
Crystal Size 0.26 x 0.16 x 0.14 mm3  
Theta range for data collection 2.02 to 27.50°  
Index ranges -13<=h<=13, -31<=k<=31, -12<=l<=12  
Reflections collected 25427  
R(int) 0.0583  
Completeness to theta = 26.00° 99.5 %  
Max. and min. transmission 0.9416 and 0.8952  
Data/restraints/parameters  5213 / 7 / 322  
Goodness-of-fit on F2 1.059  
Final R indices [I>2σ(I)] R1 = 0.0567, wR2 = 0.1693  
R indices (all data) R1 = 0.0652, wR2 = 0.1785  
Largest diff. peak and hole 0.932 and -1.136 e.Å-3  
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Table 4-vii: Crystallographic details and structure refinement data for the 4-n-
hexyl(BIAN) imidazolium chloride (4-5) 
Empirical formula C37H42Cl2N2  
Formula weight 585.63  
Temperature 153(2) K  
Wavelength 0.71069 Å  
Crystal system Monoclinic  
Space group P21/c  
Unit cell dimensions a = 17.047(4) Å α = 90° 
 b = 12.711(3) Å β = 90.142(5)° 
 c = 14.823(4)Å γ =  90° 
Volume 3211.9(14) Å3  
Z 4  
Density (calculated) 1.211 Mg/m3  
Absorption coefficient 0.230 mm-1  
F(000) 1248  
Crystal Size 0.23 x 0.20 x 0.09 mm3  
Theta range for data collection 2.99 to 25.00°  
Index ranges -20<=h<=20, -15<=k<=15, -17<=l<=17  
Reflections collected 19946  
R(int) 0.0808  
Completeness to theta = 26.00° 99.6 %  
Max. and min. transmission 0.9796 and 0.9490  
Data/restraints/parameters  5644 / 73 / 372  
Goodness-of-fit on F2 1.457  
Final R indices [I>2σ(I)] R1 = 0.0878, wR2 = 0.2082  
R indices (all data) R1 = 0.1722, wR2 = 0.2421  
Largest diff. peak and hole 0.514 and -0.456 e.Å-3  
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4.5.2:  Tables of Bond Lengths and Angles 
Table 4-viii: Bond lengths (Å) and angles (°) for refined atoms of 4-n-hexyl(BIAN) (4-1) 
C(1)-N(1)  1.2786(17)  N(1)-C(1)-C(2) 133.69(12) 
C(1)-C(2)  1.4865(18)  N(1)-C(1)-C(1)#1 119.87(8) 
C(1)-C(1)#1  1.534(3)  C(2)-C(1)-C(1)#1 106.44(7) 
C(2)-C(3)  1.3830(19)  C(3)-C(2)-C(7) 118.79(13) 
C(2)-C(7)  1.4178(17)  C(3)-C(2)-C(1) 134.67(13) 
C(3)-C(4)  1.417(2)  C(7)-C(2)-C(1) 106.50(12) 
C(4)-C(5)  1.378(2)  C(2)-C(3)-C(4) 118.70(13) 
C(5)-C(6)  1.4201(17)  C(5)-C(4)-C(3) 122.57(13) 
C(6)-C(7)  1.411(3)  C(4)-C(5)-C(6) 120.10(14) 
C(6)-C(5)#1  1.4201(17)  C(7)-C(6)-C(5) 116.73(9) 
C(7)-C(2)#1  1.4178(17)  C(7)-C(6)-C(5)#1 116.73(9) 
C(8)-C(9)  1.3965(19)  C(5)-C(6)-C(5)#1 126.53(18) 
C(8)-C(13)  1.3995(18)  C(6)-C(7)-C(2) 123.02(8) 
C(8)-N(1)  1.4247(17)  C(6)-C(7)-C(2)#1 123.02(8) 
C(9)-C(10)  1.3925(19)  C(2)-C(7)-C(2)#1 113.95(17) 
C(10)-C(11)  1.3953(19)  C(9)-C(8)-C(13) 118.93(12) 
C(11)-C(12)  1.395(2)  C(9)-C(8)-N(1) 122.64(12) 
C(11)-C(14)  1.5158(18)  C(13)-C(8)-N(1) 118.09(12) 
C(12)-C(13)  1.3874(19)  C(10)-C(9)-C(8) 120.42(12) 
C(14)-C(15)  1.5372(19)  C(9)-C(10)-C(11) 121.04(13) 
C(15)-C(16)  1.5260(18)  C(12)-C(11)-C(10) 117.86(12) 
C(16)-C(17)  1.5275(19)  C(12)-C(11)-C(14) 120.07(12) 
C(17)-C(18)  1.522(2)  C(10)-C(11)-C(14) 121.99(12) 
C(18)-C(19)  1.525(2)  C(13)-C(12)-C(11) 121.85(13) 
   C(12)-C(13)-C(8) 119.78(13) 
   C(11)-C(14)-C(15) 111.26(11) 
   C(16)-C(15)-C(14) 114.01(12) 
   C(15)-C(16)-C(17) 112.48(12) 
   C(18)-C(17)-C(16) 113.99(12) 
   C(17)-C(18)-C(19) 112.98(13) 
   C(1)-N(1)-C(8) 121.88(11) Symmetry transformations used to generate equivalent atoms: -x, y, -z + 3 2 
 
 
 
 
 
 
 201 
Table 4-ix: Bond lengths (Å) and angles (°) for refined atoms of the mes(BIAN) 
imidazolium chloride (4-2) 
C(1)-N(2)  1.346(3)  N(2)-C(1)-N(1) 109.5(2) C(1)-N(1)  1.351(3)  N(2)-C(1)-H(1) 124.6(17) C(1)-H(1)  0.97(3)  N(1)-C(1)-H(1) 125.7(17) C(2)-C(3)  1.368(4)  C(3)-C(2)-N(1) 107.8(2) C(2)-N(1)  1.375(3)  C(3)-C(2)-C(4) 110.4(2) C(2)-C(4)  1.461(4)  N(1)-C(2)-C(4) 141.8(2) C(3)-N(2)  1.390(3)  C(2)-C(3)-N(2) 107.3(2) C(3)-C(13)  1.463(4)  C(2)-C(3)-C(13) 110.2(2) C(4)-C(5)  1.376(4)  N(2)-C(3)-C(13) 142.4(2) C(4)-C(9)  1.426(4)  C(5)-C(4)-C(9) 119.2(2) C(5)-C(6)  1.421(4)  C(5)-C(4)-C(2) 137.6(3) C(6)-C(7)  1.373(4)  C(9)-C(4)-C(2) 103.2(2) C(7)-C(8)  1.432(4)  C(4)-C(5)-C(6) 118.2(3) C(8)-C(9)  1.390(4)  C(7)-C(6)-C(5) 122.5(3) C(8)-C(10)  1.424(4)  C(6)-C(7)-C(8) 120.5(3) C(9)-C(13)  1.429(4)  C(9)-C(8)-C(10) 116.6(2) C(10)-C(11)  1.368(4)  C(9)-C(8)-C(7) 116.1(2) C(11)-C(12)  1.430(4)  C(10)-C(8)-C(7) 127.3(3) C(12)-C(13)  1.370(4)  C(8)-C(9)-C(4) 123.5(2) C(14)-C(15)  1.394(4)  C(8)-C(9)-C(13) 123.4(2) C(14)-C(19)  1.399(3)  C(4)-C(9)-C(13) 113.1(2) C(14)-N(1)  1.452(3)  C(11)-C(10)-C(8) 120.3(3) C(15)-C(16)  1.390(4)  C(10)-C(11)-C(12) 122.7(3) C(15)-C(20)  1.509(4)  C(13)-C(12)-C(11) 118.0(3) C(16)-C(17)  1.400(4)  C(12)-C(13)-C(9) 119.0(2) C(17)-C(18)  1.389(4)  C(12)-C(13)-C(3) 137.9(3) C(17)-C(21)  1.501(4)  C(9)-C(13)-C(3) 103.1(2) C(18)-C(19)  1.394(4)  C(15)-C(14)-C(19) 123.5(2) C(19)-C(22)  1.507(4)  C(15)-C(14)-N(1) 119.2(2) C(23)-C(24)  1.394(4)  C(19)-C(14)-N(1) 117.2(2) C(23)-C(28)  1.399(4)  C(16)-C(15)-C(14) 116.8(2) C(23)-N(2)  1.454(3)  C(16)-C(15)-C(20) 120.4(2) C(24)-C(25)  1.394(4)  C(14)-C(15)-C(20) 122.8(2) C(24)-C(29)  1.506(4)  C(15)-C(16)-C(17) 122.2(2) C(25)-C(26)  1.395(4)  C(18)-C(17)-C(16) 118.7(2) C(26)-C(27)  1.386(4)  C(18)-C(17)-C(21) 121.1(3) C(26)-C(30)  1.508(4)  C(16)-C(17)-C(21) 120.2(2) C(27)-C(28)  1.398(4)  C(17)-C(18)-C(19) 121.6(2) C(28)-C(31)  1.505(4)  C(18)-C(19)-C(14) 117.3(2) Cl(1)-H(34)  1.56(5)  C(18)-C(19)-C(22) 121.0(2) Cl(2)-H(34)  1.59(5)  C(14)-C(19)-C(22) 121.7(2) 
   C(24)-C(23)-C(28) 123.5(2) 
   C(24)-C(23)-N(2) 118.6(2) 
   C(28)-C(23)-N(2) 117.9(2) 
   C(23)-C(24)-C(25) 117.0(2) 
   C(23)-C(24)-C(29) 122.0(2) 
   C(25)-C(24)-C(29) 121.0(2) 
   C(24)-C(25)-C(26) 122.0(2) 
   C(27)-C(26)-C(25) 118.4(2) 
   C(27)-C(26)-C(30) 121.4(3) 
   C(25)-C(26)-C(30) 120.1(3) 
   C(26)-C(27)-C(28) 122.5(2) 
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   C(27)-C(28)-C(23) 116.5(2) 
   C(27)-C(28)-C(31) 120.8(2) 
   C(23)-C(28)-C(31) 122.7(2) 
   C(1)-N(1)-C(2) 107.8(2) 
   C(1)-N(1)-C(14) 125.8(2) 
   C(2)-N(1)-C(14) 125.8(2) 
   C(1)-N(2)-C(3) 107.6(2) 
   C(1)-N(2)-C(23) 126.0(2) 
   C(3)-N(2)-C(23) 126.4(2) 
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Table 4-x: Bond lengths (Å) and angles (°) for refined atoms of the pF(BIAN) 
imidazolium chloride (4-4) 
F(1)-C(17)  1.360(3)  C(1)-N(1)-C(2) 108.03(18) 
F(2)-C(23)  1.360(3)  C(1)-N(1)-C(14) 125.01(18) 
N(1)-C(1)  1.347(3)  C(2)-N(1)-C(14) 126.91(18) 
N(1)-C(2)  1.383(3)  C(1)-N(2)-C(3) 108.33(17) 
N(1)-C(14)  1.440(3)  C(1)-N(2)-C(20) 125.25(18) 
N(2)-C(1)  1.345(3)  C(3)-N(2)-C(20) 126.29(18) 
N(2)-C(3)  1.383(3)  C(3)-C(2)-N(1) 107.45(19) 
N(2)-C(20)  1.439(3)  C(3)-C(2)-C(4) 109.73(19) 
C(2)-C(3)  1.371(3)  N(1)-C(2)-C(4) 142.2(2) 
C(2)-C(4)  1.466(3)  C(5)-C(4)-C(9) 118.7(2) 
C(4)-C(5)  1.376(3)  C(5)-C(4)-C(2) 138.1(2) 
C(4)-C(9)  1.424(3)  C(9)-C(4)-C(2) 103.18(18) 
C(5)-C(6)  1.419(3)  C(4)-C(5)-C(6) 118.1(2) 
C(6)-C(7)  1.378(3)  C(7)-C(6)-C(5) 123.1(2) 
C(7)-C(8)  1.419(3)  C(6)-C(7)-C(8) 119.8(2) 
C(8)-C(9)  1.395(3)  C(9)-C(8)-C(7) 116.6(2) 
C(8)-C(10)  1.426(3)  C(9)-C(8)-C(10) 116.4(2) 
C(9)-C(13)  1.430(3)  C(7)-C(8)-C(10) 127.0(2) 
C(10)-C(11)  1.372(4)  C(8)-C(9)-C(4) 123.7(2) 
C(11)-C(12)  1.419(4)  C(8)-C(9)-C(13) 123.0(2) 
C(12)-C(13)  1.374(3)  C(4)-C(9)-C(13) 113.35(19) 
C(13)-C(3)  1.455(3)  C(11)-C(10)-C(8) 120.6(2) 
C(14)-C(15)  1.387(3)  C(10)-C(11)-C(12) 122.6(2) 
C(14)-C(19)  1.390(3)  C(13)-C(12)-C(11) 118.2(2) 
C(15)-C(16)  1.393(3)  C(12)-C(13)-C(9) 119.3(2) 
C(16)-C(17)  1.365(3)  C(12)-C(13)-C(3) 137.9(2) 
C(17)-C(18)  1.387(3)  C(9)-C(13)-C(3) 102.83(19) 
C(18)-C(19)  1.391(3)  C(2)-C(3)-N(2) 107.10(19) 
C(20)-C(25)  1.386(3)  C(2)-C(3)-C(13) 110.87(19) 
C(20)-C(21)  1.388(3)  N(2)-C(3)-C(13) 141.6(2) 
C(25)-C(24)  1.386(3)  C(15)-C(14)-C(19) 122.1(2) 
C(24)-C(23)  1.381(3)  C(15)-C(14)-N(1) 118.22(19) 
C(23)-C(22)  1.378(3)  C(19)-C(14)-N(1) 119.71(19) 
C(22)-C(21)  1.382(3)  C(14)-C(15)-C(16) 119.1(2) 
   C(17)-C(16)-C(15) 118.6(2) 
   F(1)-C(17)-C(16) 118.5(2) 
   F(1)-C(17)-C(18) 118.4(2) 
   C(16)-C(17)-C(18) 123.1(2) 
   C(17)-C(18)-C(19) 118.7(2) 
   C(14)-C(19)-C(18) 118.4(2) 
   C(25)-C(20)-C(21) 122.3(2) 
   C(25)-C(20)-N(2) 118.96(19) 
   C(21)-C(20)-N(2) 118.73(19) 
   C(24)-C(25)-C(20) 118.5(2) 
   C(23)-C(24)-C(25) 118.5(2) 
   F(2)-C(23)-C(22) 118.4(2) 
   F(2)-C(23)-C(24) 118.2(2) 
   C(22)-C(23)-C(24) 123.4(2) 
   C(23)-C(22)-C(21) 118.1(2) 
   C(22)-C(21)-C(20) 119.1(2) 
   N(2)-C(1)-N(1) 109.08(18) 
 204 
 
Table 4-xi: Bond lengths (Å) and angles (°) for refined atoms of the 4-n-hexyl(BIAN) 
imidazolium chloride (4-5) 
C(1)-N(1)  1.339(5)  N(1)-C(1)-N(2) 110.0(4) 
C(1)-N(2)  1.341(5)  C(3)-C(2)-N(1) 107.2(4) 
C(2)-C(3)  1.350(6)  C(3)-C(2)-C(4) 110.3(4) 
C(2)-N(1)  1.386(5)  N(1)-C(2)-C(4) 142.4(5) 
C(2)-C(4)  1.463(6)  C(2)-C(3)-N(2) 108.3(4) 
C(3)-N(2)  1.385(5)  C(2)-C(3)-C(13) 111.3(4) 
C(3)-C(13)  1.465(6)  N(2)-C(3)-C(13) 140.4(5) 
C(4)-C(5)  1.375(6)  C(5)-C(4)-C(9) 119.4(4) 
C(4)-C(9)  1.412(6)  C(5)-C(4)-C(2) 138.0(5) 
C(5)-C(6)  1.426(7)  C(9)-C(4)-C(2) 102.5(4) 
C(6)-C(7)  1.361(7)  C(4)-C(5)-C(6) 117.8(5) 
C(7)-C(8)  1.436(7)  C(7)-C(6)-C(5) 122.9(5) 
C(8)-C(9)  1.413(6)  C(6)-C(7)-C(8) 121.3(5) 
C(8)-C(10)  1.425(7)  C(9)-C(8)-C(10) 116.7(5) 
C(9)-C(13)  1.430(7)  C(9)-C(8)-C(7) 114.6(5) 
C(10)-C(11)  1.347(7)  C(10)-C(8)-C(7) 128.7(5) 
C(11)-C(12)  1.420(7)  C(4)-C(9)-C(8) 124.1(5) 
C(12)-C(13)  1.353(7)  C(4)-C(9)-C(13) 114.4(4) 
C(14)-C(15)  1.386(6)  C(8)-C(9)-C(13) 121.5(5) 
C(14)-C(19)  1.387(6)  C(11)-C(10)-C(8) 120.7(5) 
C(14)-N(1)  1.433(6)  C(10)-C(11)-C(12) 122.4(5) 
C(15)-C(16)  1.377(7)  C(13)-C(12)-C(11) 119.1(5) 
C(16)-C(17)  1.373(7)  C(12)-C(13)-C(9) 119.6(4) 
C(17)-C(18)  1.396(7)  C(12)-C(13)-C(3) 138.9(5) 
C(17)-C(20)  1.513(8)  C(9)-C(13)-C(3) 101.4(4) 
C(18)-C(19)  1.362(7)  C(15)-C(14)-C(19) 120.6(5) 
C(20)-C(21)  1.460(7)  C(15)-C(14)-N(1) 118.8(4) 
C(21)-C(22)  1.480(7)  C(19)-C(14)-N(1) 120.6(4) 
C(22)-C(23)  1.497(7)  C(16)-C(15)-C(14) 118.9(5) 
C(23)-C(24)  1.465(7)  C(17)-C(16)-C(15) 122.0(5) 
C(24)-C(25)  1.462(7)  C(16)-C(17)-C(18) 117.5(5) 
C(26)-C(27)  1.369(6)  C(16)-C(17)-C(20) 121.6(6) 
C(26)-C(31)  1.376(6)  C(18)-C(17)-C(20) 120.9(5) 
C(26)-N(2)  1.434(6)  C(19)-C(18)-C(17) 122.3(5) 
C(27)-C(28)  1.371(7)  C(18)-C(19)-C(14) 118.7(5) 
C(28)-C(29)  1.393(8)  C(21)-C(20)-C(17) 113.5(6) 
C(29)-C(30)  1.381(8)  C(20)-C(21)-C(22) 114.8(6) 
C(29)-C(32)  1.529(8)  C(21)-C(22)-C(23) 114.5(6) 
C(30)-C(31)  1.388(7)  C(24)-C(23)-C(22) 114.4(7) 
C(32)-C(33)  1.479(7)  C(25)-C(24)-C(23) 117.0(7) 
C(33)-C(34)  1.417(8)  C(27)-C(26)-C(31) 120.9(5) 
C(34)-C(35)  1.492(7)  C(27)-C(26)-N(2) 119.3(4) 
C(35)-C(36)  1.426(7)  C(31)-C(26)-N(2) 119.7(4) 
C(36)-C(37)  1.464(7)  C(26)-C(27)-C(28) 119.5(5) 
   C(27)-C(28)-C(29) 121.2(5) 
   C(30)-C(29)-C(28) 118.0(6) 
   C(30)-C(29)-C(32) 121.5(6) 
   C(28)-C(29)-C(32) 120.4(6) 
   C(29)-C(30)-C(31) 121.1(5) 
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   C(26)-C(31)-C(30) 119.0(5) 
   C(33)-C(32)-C(29) 114.5(6) 
   C(34)-C(33)-C(32) 120.1(8) 
   C(33)-C(34)-C(35) 118.9(9) 
   C(36)-C(35)-C(34) 116.2(7) 
   C(35)-C(36)-C(37) 118.5(7) 
   C(1)-N(1)-C(2) 107.5(4) 
   C(1)-N(1)-C(14) 125.8(4) 
   C(2)-N(1)-C(14) 126.3(4) 
   C(1)-N(2)-C(3) 106.9(4) 
   C(1)-N(2)-C(26) 126.6(4) 
   C(3)-N(2)-C(26) 126.6(4) 
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Glossary 
 
BIAN  Bis(imino)acenaphthene 
CI  Chemical Ionization 
CV  Cyclic Voltammetry 
DAB  1,4-Diaza-1,3-butadiene 
DCM  Dichloromethane 
DFT  Density Functional Theory 
Dipp  Diisopropylphenyl 
DMSO  Dimethyl Sulfoxide 
EPR  Electron Paramagnetic Resonance  
ESI  Electrospray Ionization  
HOMO Highest Occupied Molecular Orbital 
 IR  Infrared  
LUMO Lowest Unoccupied Molecular Orbital 
Me  Methyl 
Mes  Mesityl 
mp  Melting Point 
MS  Mass Spectrometry 
 NMR  Nuclear Magnetic Resonance  
Ph  Phenyl 
pF  para-Fluorophenyl 
pMeO  para-Methoxyphenyl 
 ppm  Parts per Million 
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SCE  Saturated Calomel Electrode 
SOMO  Singly Occupied Molecular Orbital 
THF  Tetrahydrofuran 
THT  Tetrahydrothiophene 
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deposit@ccdc.cam.ac.uk). The CCDC reference number for compound 4-2 is 
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Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: 
deposit@ccdc.cam.ac.uk). The CCDC reference number for compound 4-4 is 
811059 
The crystallographic data have been deposited at the Cambridge Crystallographic Data 
Centre. These data can be obtained free of charge via 
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www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, 
Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: 
deposit@ccdc.cam.ac.uk). The CCDC reference number for compound 4-5 is 
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